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Abstract  
The collection of data though environmental monitoring is critical to the success of 
integrated water management, therefore this PhD investigated its role in the 
management of surface water bodies, providing recommendations for the 
implementation of the Water Framework Directive (WFD).  
The monitoring requirements of the WFD have been reviewed and a comparison to 
previous arrangements in England and Wales was made. Findings demonstrated the 
challenges associated with a transition from established networks to those that 
support more integrated approaches.  Using a river basin in England the role of 
monitoring in both ecological and chemical assessments was evaluated.  Results 
revealed the need to evaluate data produced and ensure that networks are risk 
based and adaptive, both responding to and aiding understanding of the processes 
that determine water quality.  The need to supplement regulatory monitoring with 
technical analyses to understand source-pathways-receptor models for 
contaminants, along with the need to combine chemical and biological assessments 
so that the risks to ecosystems can be identified was highlighted. The use of data to 
enable the identification and management of the pressures on surface water bodies 
was then explored.  It was demonstrated that a systems approach to understanding 
the interactions between the abiotic, biotic and functioning of the ecosystem was 
needed so that pressures could be managed sustainably.  The need to monitor the 
effectiveness of measures implemented to improve water bodies was also 
highlighted, with examples of both the structural and functional elements that could 
be used provided.  Finally, recommendations on the communicating of data to 
stakeholders, along with their involvement in the management and monitoring of 
water bodies, were made.   
This work highlights the potential role monitoring has in the successful 
implementation of the WFD, demonstrating the need for review and flexibility in 
monitoring networks, along with frameworks which enable monitoring to contribute to 
understanding of ecosystems and allow collaboration and knowledge sharing within 
decision making processes.   
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1 INTRODUCTION 
Aquatic ecosystems provide a multitude of ecosystem services upon which we as 
humans are dependent (The UK National Ecosystem Assessment, 2011; UNEP, 
2009).  These include the provision of safe water for consumption, hygiene, irrigation 
and navigation, along with the regulation of water quality, floods and flows.  Aquatic 
ecosystems can also help to regulate local climates and provide carbon sinks.  
Through the provision of attractive environments and recreational opportunities water 
bodies can help to improve human health and wellbeing.  Aquatic ecosystems 
provide a number of cultural services, providing a sense of place and history, along 
with opportunities for inspiration, scientific discoveries and education (The UK 
National Ecosystem Assessment, 2011).  Furthermore, freshwater habitats are 
among the most biologically diverse in the world, supporting over 6% of the World’s 
described species, despite only covering 0.8% of the Earth’s surface (Dudgeon et 
al., 2006).  
In spite of the importance of water resources and our dependence on the services 
they provide, freshwater systems are directly threatened by human activities 
(Vörösmarty et al., 2010), making them one of the most vulnerable habitats on Earth 
(Dudgeon et al., 2006; Millennium Ecosystem Assessment, 2005a).  Human 
activities and processes of all types have an ability to affect water resources (World 
Water Assessment Programme, 2009) and whilst humans’ use of water has brought 
considerable economic benefits in some regions, this has also been accompanied by 
impairment to ecosystems often with serious but unquantifiable costs (Vörösmarty et 
al., 2010).   
The supply of fresh water is threatened by anthropogenic sources of pollution, with 
the release of artificial chemicals accelerating over the last 50 years.  These are 
often persistent in the environment and can be transformed into by-products whose 
impacts and synergies are unknown.  Human activities have also significantly altered 
nutrient cycles (Sutton et al., 2013), resulting in an increase in nitrogen loading in 
global rivers by more than two fold over pre-industrial levels, with some industrialised 
regions reporting increases of over ten times (Millennium Ecosystem Assessment, 
2005b).  Land use change can also influence the natural processes of aquatic 
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ecosystems, altering the nature of runoff received by waters both directly and 
indirectly via changes in drainage.  Other threats to aquatic ecosystems include 
radionuclide contamination, acidification, alterations to thermal regimes and the 
introduction of invasive non-native species (Meybeck, 2003).   
The provision of freshwater services has also been compromised by the demand for 
engineering practices that provide reliable sources of water and flood protection.  
Whilst these may have bought positive effects such as flow stabilisation and hydro-
power, they have also threatened the sustainability of resources.  Negative impacts 
of such projects include habitat fragmentation, flow discontinuity and disruption to 
sediment regimes (Millennium Ecosystem Assessment, 2005b).   
In addition to abstraction, pollution, land-use change and physical modifications, a 
number of future global challenges are expected to continue to place increasing 
pressures on water resources.  These include a growing global population, estimated 
to reach 9.6 billion in 2050 (UNDESA, 2013) and the associated demands on water 
for increased food and energy production that this will bring.  Additionally, the 
increasing shift to diets based on livestock products, which are more water intensive 
than starch based diets, will also create increased water demand (FAO, 2006). The 
increasing urbanisation of the global population will cause further challenges for 
water management, with the areas expected to absorb the population growth already 
experiencing insufficient water supply and infrastructure (UNESCO, 2012).  
Furthermore, there is abundant evidence that water resources have the potential to 
be strongly impacted by climate change, with increasing atmospheric water vapour 
content, changes in the intensity and extremes of precipitation patterns, widespread 
melting of ice, and changes in soil moisture and runoff expected (Bates et al., 2008).   
In the past water has been viewed and managed as a sector separate from others, 
leading to management decisions being made without regard to the consequences 
for the water cycle (UNESCO, 2012). As detailed above, this has resulted in the 
ability of aquatic ecosystems to provide the services upon which human wellbeing 
depends being compromised (Vörösmarty et al., 2010).  It is now clear that if this is 
to be addressed and the challenges for future water management met, an approach 
which recognises the interconnectivity of water to all social, environmental and 
economic activities is needed (UNESCO, 2012).  This need has led to international 
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promotion of Integrated Water Resource Management (IWRM), which aims to 
maximise social and economic benefits and ensure long term sustainable 
management of water through the coordinated management of water, land and 
associated resources (Global Water Partnership, 2000).  This approach has been 
recognised as being central to the achievement of a green economy (UNEP, 2012; 
Global Water Partnership, 2012), with commitment to significantly improving the 
implementation of IWRM being made by 192 countries through the recently adopted 
resolutions of the United Nations Conference on Sustainable Development at Rio de 
Janeiro, June 2012 (United Nations, 2012).  
Within the European Union the need for integrated management of water resources 
has been recognised through the adoption of Directive 2000/60/EU, establishing a 
framework for Community action in the field of water policy, which is more commonly 
known as the Water Framework Directive (WFD).  This acknowledges the unique 
challenge of managing water and the need to protect it and treat it as a heritage.  
The Directive sets out a legislative framework with the purpose of preventing further 
deterioration of aquatic ecosystems and ensuring the sustainable use of water 
resources.   
The Directive has been identified by some as the most extensive European 
legislation regarding water to date (Howarth, 2009; Le Quesne and Green, 2005).  
Others have called the Directive a cornerstone of EU environmental legislation and 
an exemplar of advanced environmental thinking (Alexopoulou et al., 2005).  
However, due to its ambition and innovation it was recognised at the time of 
implementation that significant changes to Member States’ then current system of 
environmental planning and regulation would be required (Griffiths, 2002).  The 
Directive has now been in place for over 10 years yet a number of challenges with its 
implementation remain (Hering et al., 2010; European Commission, 2012a, 2009).  
Concerns regarding the lack of ambition by Member States and lack of progress in 
the restoration of water bodies have been raised. Furthermore, the European 
Commission has recently stated that although the legislative framework is fit to 
address the challenges faced by aquatic ecosystems, better implementation of the 
Directive and further integration is required (European Commission, 2012a).  
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Reliable information about the state of water resources and how they respond to the 
drivers affecting them is essential for the effective management of water resources 
(UNESCO, 2012). Information about water has been identified as being as essential 
to life as water itself (Winpenny, 2009).  The benefits of generating information 
regarding the aquatic environment include aiding water resource planning, improving 
public health (e.g. drinking water standards and sanitation) and safety (e.g. 
information regarding flood risks) (Winpenny, 2009), aiding conservation efforts 
(Nichols and Williams, 2006) and in pollution prevention (Burt, 2003). Furthermore, 
information regarding the aquatic environment is also crucial for good water 
governance (Winpenny, 2009).  However, worldwide water observation networks are 
insufficient and cannot provide information to understand and predict the quantity 
and quality of water resources, thereby threatening their sustainable management 
(UNESCO, 2012).   
Within Europe, robust monitoring has been identified as essential for sound and cost 
effective water management (European Commission, 2012b).  Despite this the 
European Commission has highlighted concerns about the monitoring of water 
bodies across Europe and states that this is one area where better implementation is 
required (European Commission, 2012b).   
Due to the importance attributed to the role of information and the monitoring 
networks that provided it in the management of water resources, as well as the 
challenges currently demonstrated in establishing such networks, both within Europe 
and internationally, this PhD investigates the role of monitoring in the integrated 
management of water resources.  Throughout the work of the PhD, England and 
Wales has been used as a case study.  Within England and Wales only 24% of 
water bodies are judged to be at good ecological status (House of Lords European 
Union Committee, 2012) and water continues to be managed in a fragmented 
manner (CIWEM, 2011), highlighting the challenge of implementing the WFD and 
moving towards integrated water management. The PhD aims to provide 
recommendations to improve the implementation of the WFD within England and 
Wales and across Europe as a whole. However, it is also hoped that the outcomes 
will be relevant and applicable to other countries where integrated approaches to 
water management are sought.   
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2 BACKGROUND  
This section provides an overview of the background drivers for the work, focusing 
on approaches to water management at an international level and a national level for 
England and Wales. 
2.1  Integrated water resource management  
Integrated Water Resource Management (IWRM) emerged in the late 1980s in 
response to globally increasing pressures on water resources (UNESCO, 2009).  
The Global Water Partnership (GWP) defines IWRM as ‘a process which promotes 
the coordinated development and the management of water, land and related 
resources, in order to maximize the resultant economic and social welfare in an 
equitable manner without compromising the sustainability of vital ecosystems' 
(Global Water Partnership, 2000).   
In 1992 the principles of IWRM were advocated at an international level at the Dublin 
Conference on Water and the Environment.  This acknowledged that water and land 
resources needed to be managed much more efficiently to mitigate the risk of the 
misuse of water to human health and welfare, food security, sustainable 
development and the ecosystems on which they depend (ICWE, 1992). Five 
hundred participants, including government-designated experts from a hundred 
countries and representatives of eighty international, intergovernmental and non-
governmental organizations attended the conference.  At the end of the conference 
the Dublin Statement was agreed, outlining 4 guiding principles.  These are: 
Principle No. 1 - Fresh water is a finite and vulnerable resource, essential to sustain 
life, development and the environment 
Principle No. 2 - Water development and management should be based on a 
participatory approach, involving users, planners and policy-makers at all levels 
Principle No. 3 - Women play a central part in the provision, management and 
safeguarding of water 
Principle No. 4 - Water has an economic value in all its competing uses and should 
be recognised as an economic good (ICWE, 1992).  
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The Dublin Conference recommendations were later consolidated into Chapter 
Eighteen of Agenda 21 at the United Nations Conference on Environment and 
Development (UNCED) in Rio de Janeiro, 1992. This was adopted by more than 178 
countries and states that the management of freshwater needs to be holistic, taking 
a catchment management approach and that water plans and programmes must be 
integrated within the framework of national economic and social policy.  Agenda 21 
also recognised the importance of public participation in environmental management, 
stating that ‘environmental issues are best handled with the participation of all 
concerned citizens at the relevant levels’ (UNCED, 1992). 
In 2000 the Second World Water Forum in The Hague ensured that IWRM stayed on 
the international political agenda.  This assembled a greater number of stakeholders 
from both the developed and developing countries and discussed the challenges to 
the implementation of IWRM (Rahaman & Varis, 2005).  It led to the birth of the 
GWP which aims to promote the use of IWRM around the world.  The International 
Conference on Freshwater (ICFW), held in Bonn in 2001, promoted IWRM as the 
preferred tool for achieving water security, sustainable development and the 
decentralisation of water management (ICFW, 2001).  The Bonn conference also 
made a number of recommendations in order to strengthen IWRM around the world 
and recommended that water issues be included in sustainable development and 
poverty reduction objectives (ICFW, 2001). 
The Bonn recommendations were acknowledged by the World Summit on 
Sustainable Development (WSSD), held in 2002, which included IWRM as one of the 
key components of achieving sustainable development.  The WSSD plan of 
implementation provides specific targets and guidelines for implementing IWRM 
worldwide, including developing an IWRM and water efficiency plan by 2005 for all 
major river basins of the world (WSSD, 2002).  International support for IWRM was 
again underlined at the Third World Water Forum held in Kyoto in 2003.   
Guidelines produced for IWRM state that water should be managed at the river basin 
level and that there should be coordination between the operational and 
management entities throughout the basin.  There should be an equitable and 
holistic approach, integrating the management of the physical environment with 
broader socio-economic and political frameworks.  The guidelines show that the 
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process should be an evolving and adapting process that leads to better integration 
of management and sustainability (UNESCO, 2009).  This is illustrated by the IWRM 
conceptual model (Figure 2.1).   
 
Figure 2.1: The stages in the IWRM process (UN-Water) 
A statement from the 2009 World Water Week in Stockholm was released ahead of 
the United Nations Climate Change Conference held in Copenhagen in 2009.  This 
stated that the importance of water should be properly reflected in any climate 
change agreements at COP-15 and beyond.  This is because water is the key 
medium through which climate change impacts will be felt and therefore IWRM 
should be central to adaptations to climate change (SIWI, 2009).  
A 2007 UN survey investigating the river basin plans of 107 countries found that only 
22% of developed countries have fully implemented national water efficiency basin 
plans, with 37% of developed countries having plans partially in place.  In developing 
countries, 38% have plans either in place or under implementation.  African countries 
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tend to lag behind the rest of the world in terms of development of plans.  However, 
African countries are the most advanced out of the developing countries in terms of 
stakeholder engagement.  Asian countries are more advanced in institutional reform 
but lag behind in terms of integration of management (UN-Water, 2008). 
Twenty years after Agenda 21 was adopted, the United Nations Conference on 
Sustainable Development, also known as Rio+20, was held in Rio de Janeiro on 20-
22 June 2012. The political outcome document, approved by the 192 participating 
countries, reaffirms past commitments to sustainable development and states that 
due to there being setbacks and areas of insufficient progress since Agenda 21 was 
adopted in 1992, urgent action is currently needed to achieve sustainable 
development.  The outcome document calls for holistic and integrated approaches to 
sustainable development which will enable humanity to live in balance with nature 
and restore the Earth’s ecosystems (United Nations, 2012).  
The outcome document sets out practical measures for the implementation of 
sustainable development covering statements on the green economy, institutional 
frameworks, means of implementation and also on a number of thematic areas.  One 
of the thematic areas covers water and sanitation, stating that water is at the core of 
sustainable development and is also linked to number of global challenges.  Due to 
this, commitment to the development of IWRM and water efficiency plans was 
reaffirmed in order to ensure sustainable water use. The role that ecosystems play in 
maintaining the quality and quantity of water was acknowledged along with the need 
to protect and manage these sustainably.  The need to adopt measures to 
significantly reduce water pollution and increase water quality was also stressed, 
with wastewater treatment and water efficiency identified as key to this.  The 
document stresses the need for international cooperation and assistance, along with 
the mobilisation of financial resources and investment in infrastructure (United 
Nations, 2012).   
At Rio+20 it was also decided to launch a process that will develop Sustainable 
Development Goals post 2015.  These will be based on Agenda 21 and the 
Johannesburg Plan of Implementation developed at the WSSD and therefore will 
encompass goals for IWRM and efficiency plans.   
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In its 2011 report on integrated water management, CIWEM identified population 
growth and climate change, in addition to policy requirements, as driving the need for 
more integration within water management.  It states that a growing population 
nationally and internationally will increase demands for food and water putting 
additional pressures on natural resources.  A greater population will result in 
demands for food to be produced via intensive forms of agriculture. Intensive 
practices often require more irrigation and often result in the creation of more 
pollution.  Climate change will also have profound effects on the water environment, 
changing the seasonality of precipitation and potentially resulting in increased floods 
and droughts. This along with the increased evaporation at higher temperatures 
would affect river flows and ground water recharge.  Changes in temperature will 
also affect the chemical composition of water.  Whilst increased temperatures may 
improve biological treatment processes, water held in reservoirs is likely to reduce in 
quality requiring more treatment in order for it to be suitable for drinking. Such 
complex challenges highlight the need for integrated responses to water 
management (CIWEM, 2011).  
Integrated catchment management (ICM) can be seen as an extension of IWRM  
(Collins, 2010; CIWEM, 2011).  ICM recognises that the aquatic ecosystems that 
determine water quality are influenced by an interconnected web of land, water, biota 
and vegetation, therefore the management of water must take these into consideration 
in an integrated manner if sustainability is to be achieved.  ICM promotes the 
catchment as the appropriate unit for this management (Pollard, 2002).  This is 
because a catchment is defined as an area of land that channels water into a 
particular water body and therefore the water in that water body is affected by all the 
activities of the catchment.  Additionally, all resource users in the catchment are linked 
by the use of water, providing a common interest for engagement around which 
management of resources can be coordinated (Pollard, 2002).   
Due to the economic and social aspects of water management and the need for 
coordinated management, ICM aims to involve stakeholders in the management 
process (Collins, 2010; Harris, 2010).  Therefore, ensuring that all stakeholders are 
aware of their impact on resource use and sustainability, their interconnectedness in 
the catchment and are involved with knowledge exchange regarding the quality of the 
environment in the catchment is essential to ICM.   
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2.2 The Water Framework Directive  
2.2.1 Adoption and purpose 
In 2000, The European Union adopted Directive 2000/60/EU, establishing a 
framework for Community action in the field of water policy, which is more commonly 
known as the Water Framework Directive (WFD).  The Directive was a result of five 
years of negotiations between the European Commission and the Council of 
Ministers and has come to be emblematic of the European Union’s environmental 
policy in general (Kaika and Page, 2003).  
In 1995 the need for the Directive was first proclaimed by the Environment 
Committee of the European Parliament and the Council of Environment Ministers, 
which requested the Commission formulate a more global policy and to rationalise 
the already existing various Directives regarding water (Kaika and Page, 2003).  A 
preliminary proposal was produced based on the Commission Communication on 
European Union Water Policy.  This advocated the integration of policy relating to 
water, for example the integration of water quality objectives with water quantity 
objectives, conservation objectives with economic use objectives and emission 
controls with ecological targets. This proposal led to a draft Water Framework 
Directive being drawn up in 1997.  This proposal was heavily debated and amended 
for 3 years until its final implementation in December 2000 (Kaika and Page, 2003). 
The WFD sets out a legislative framework for the analysis, planning and 
management of water resources and the protection of all aquatic ecosystems within 
the European Union (Irabien, et al., 2008; Ireson, 2006).  It integrates and 
rationalises previous legislation on water and promotes a coordinated and holistic 
approach to water management (Alexopoulou, et al., 2005). Additionally, the 
Directive also outlines organisational and procedural elements of water management 
(Alexopoulou et al., 2005), importantly organising water management at the river 
basin level (Kallis and Butler, 2001; Ireson, 2006). The Directive therefore shifts the 
principles of aquatic management towards those of IWRM and specifically ICM, 
recognising that an integrated approach is required and that the catchment is the 
best level to organise water management.   
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The Directive’s main purpose is to: 
 prevent the further deterioration and protect and enhance the status of aquatic 
ecosystems 
 promote the sustainable use of water resources 
 progressively reduce discharges, emissions and losses of priority substances 
and the cessation or phasing-out of discharges, emissions and losses of the 
priority hazardous substances 
 protect ground waters 
 mitigate the effects of floods and droughts (European Commission, 2000) 
The main environmental objective of the Directive is to ensure the protection, 
enhancement and restoration of all bodies of water, with the aim to achieving good 
surface water status for all surface water bodies.  This includes rivers and lakes, as 
well as transitional waters, which due to their proximity to coastal waters are defined 
as being partly saline, and coastal waters which are defined as the water up to one 
nautical mile out to sea.  For water bodies artificially created and those that have 
been modified good ecological potential and good chemical status must be achieved.  
Good status and good ecological potential must be achieved at the latest by 15 
years after the Directive came into place (European Commission, 2000) which for 
most Member States is 2015.  Figure 2.2 describes how the status of a water body is 
determined.  
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Figure 2.2: The components of the overall status for surface waters  
Good ecological status is defined by the Directive as an expression of the quality of 
the structure and functioning of aquatic ecosystems associated with undisturbed 
surface waters.  Annex V details the classifications for ecological status (Table 2.1).  
Ecological potential is defined as only slight variation in the values of relevant 
biological quality elements when compared to the closest comparable surface water 
body type given the physical conditions which result from the artificial or heavily 
modified characteristics.  
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Table 2.1: The definition of the different classes of ecological status (adapted from 
European Commission, 2000) 
Status  Description 
High There are no, or only very minor, anthropogenic alterations to the values 
of the physico-chemical and hydro-morphological quality elements for the 
surface water body type from those normally associated with that type 
under undisturbed conditions.  
The values of the biological quality elements for the surface water body 
reflect those normally associated with that type under undisturbed 
conditions, and show no, or only very minor, evidence of distortion. 
Good The values of the biological quality elements for the surface water body 
type show low levels of distortion resulting from human activity, deviating 
only slightly from those normally associated with the surface water body 
type under undisturbed conditions. 
Medium The values of the biological quality elements for the surface water body 
type deviate moderately from those normally associated with the surface 
water body type under undisturbed conditions.  
The values show moderate signs of distortion resulting from human 
activity and are significantly more disturbed than under conditions of 
good status. 
Poor The values of the biological quality elements show major alterations for 
the surface water body type and in which the relevant biological 
communities deviate substantially from those normally associated with 
the surface water body type under undisturbed conditions. 
Bad The values of the biological quality elements show severe alterations for 
the surface water body type and in which large portions of the relevant 
biological communities normally associated with the surface water body 
type under undisturbed conditions are absent. 
The process for determining ecological status prioritises biological elements and 
should be determined in line with the decision tree drawn up in accordance with 
European guidance (Figure 2.3) (UKTAG, 2005)   
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Figure 2.3: The criteria determining the status of surface water bodies under the WFD (adapted from UKTAG, 2005). 
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By requiring that good ecological status is met The Directive introduces new 
environmental principles into European Water legislation, importantly legally 
recognising for the first time that aquatic biota are essential in assessing water 
quality (Logan and Furse, 2002; Sweeting, 2001) and the right of the environment as 
a user of water (White and Howe, 2003).  Additionally, the Directive introduces 
ecological targets within European legislation (Kallis and Butler, 2001; Logan and 
Furse, 2002) 
Along with ecological status, good chemical status of water must also be achieved 
for all water bodies.  This is defined as the chemical status required for the 
achievement of the Directive's environmental objectives.  This has been translated to 
Environmental Quality Standards (EQSs) for substances deemed by the 
Commission as requiring priority action.  The Daughter Directive on Priority 
substances gives the EQSs that are currently used for chemical status (European 
Commission, 2008).   
As the WFD requires water management to be organised at the river basin level, 
River Basin Districts (RBDs), which are collections of adjacent catchments and are 
based on geological and hydrological characteristics, were required to be designated 
by 2003.  For each RBD, a River Basin Management Plan (RBMP) must be drawn 
up identifying and assessing the pressures on the aquatic environment and outlining 
a Programme of Measure (PoMs) that will be implemented to ensure the compliance 
with the Directive.  This must be done every 6 years after the Directive has come into 
force.  Significantly this makes sure that water is managed based on hydrological 
and geological characteristics rather than administrative boundaries.  It also 
encourages a holistic approach that moves water management in the European 
Union towards the principles of IWRM and ICM (De Stefano, 2010).   
Exceptions to the 2015 timescale to achieve good status are allowed by the 
Directive, where good status can only be achieved in phases due to technical 
reasons, where natural conditions will not permit it or where completing 
improvements to allow good status would be disproportionately expensive.  Where 
extensions are permitted the deadline to achieve good status or good potential can 
be extended to 2021 or 2027.  Less stringent environmental objectives will also be 
permitted for water bodies that have been so affected by human activity that meeting 
the WFD’s objectives would be disproportionately expensive.  However, it must be 
30 
 
shown that the environmental and socio-economic needs served by the human 
activity affecting the water body cannot be achieved by other means.  Where 
extensions and less stringent objectives are identified by Member States no 
deterioration in status should occur and the basis for the decision must be 
appropriate and evidence based with justifications given in RBMPs (European 
Commission, 2000). 
A number of other principles introduced by the WFD move water management policy 
in the European Union towards the principles of IWRM.  The first principle of IWRM, 
that water is a finite and valuable resource, is acknowledged in the opening 
statement of the Directive which states that water is a heritage that must be 
protected (European Commission, 2000). The second principle of IWRM, which 
states that water management should be a participatory process, is also 
acknowledged in the Directive.  This is because the Directive encourages the 
involvement of all interested parties in the implementation of the Directive, in 
particular in the production of RBMPs (Alvarez-Guerra, et al., 2010).  The Directive 
also introduces financial elements to water management, requiring that a full 
economic analysis of water use in each RBD is carried out.  Taking this into account, 
MSs should price water services to recover the costs involved, particularly the 
environmental and resource costs (European Commission, 2000).  This recognises 
the fourth principle of IWRM, that water is an economic good.  Importantly by setting 
ecological targets within legislation the Directive recognises that aquatic biota are 
essential in assessing water quality (Logan and Furse, 2002; Sweeting, 2001) and 
that the environment is a legitimate user of water resources (White and Howe, 2003).  
The Directive also encompasses other principles such as the need for transparency 
(Foxon, 2002), the precautionary principle, cost effectiveness and the recovery of the 
costs of water services (Griffiths, 2002; Mouratiadou, 2010).  
As a result of encompassing the principles of IWRM the management of water in a 
number of other countries display similarities with the WFD’s approach.  For instance 
the principles of IWRM are particularly apparent in the management of the Murray-
darling river basin in Australia.  Here an integrated approach to water management 
has been sought since 1985 (Blackmore, 1995).  The Water Act 2007 established 
the independent Murray-Darling Basin Authority (MDBA) which has the powers, 
needed to ensure that water resources are managed in an integrated and 
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sustainable way within the basin (Commonwealth Parliament, 2007). Similarly to the 
statutory authorities identified under the WFD the MDBA is charged with 
implementing a basin plan (Connell and Grafton, 2011), this will set limits on 
abstraction, identify the risks to water resources and the strategies needed to 
manage those risks and specify environmental objectives for the basin 
(Commonwealth Of Australia, 2012). The MDBA is also responsible for the 
monitoring of water resources and the engagement of the engagement of the 
community in the management of water resources (Commonwealth Of Australia, 
2012). The United States of America Environment Protection Agency (US EPA) also 
promotes a catchment based approach to water management through its watershed 
approach framework (US EPA, 1996). This framework recognises the need to 
address water management problems holistically and with stakeholder involvement 
through an adaptive and iterative process.  Watershed management plans should 
document this process, characterising the existing conditions in the watershed, 
identifying and prioritising problems, define management objectives and develop 
protection and remediation strategies (US EPA, 2008). 
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2.2.2 The WFD’s links with other EU Directives  
As the WFD aims to integrate and rationalise previous legislation (Alexopoulou et al., 
2005) it has links to a number of other Directives, whilst a number of Directives have 
been repealed due to adoption of the WFD (Figure 2.4). 
 
Figure 2.4: The relationship between the WFD and other legislative drivers (Defra, 
2008) 
The main remaining Directives that are related to the WFD include the Bathing Water 
Directive  (76/160/EEC). This sets physical, chemical and microbiological standards 
for bathing waters in the EU.  The Revised Bathing Water Directive (2006/7/EC) was 
introduced to ensure compatibility with the WFD and to incorporate scientific 
advances.  From 2015 the Revised Bathing Waters Directive will set the applied 
standards (Collins, 2012).  The Urban Waste Water Treatment Directive (UWWTD) 
(91/271/EEC) has the objective of protecting the environment from the adverse 
effects of untreated ‘urban waste water’. It sets the standards for collection and 
treatment of wastewater from different sizes of agglomerations and is therefore 
closely involved with the achievement of the WFD’s objectives.  Similarly the Nitrates 
Directive (91/676/ECC) aims to protect the environment, requiring that water polluted 
or at risk from nitrate emissions from agricultural practices are identified.  The areas 
of land which drain into these sites must be declared Nitrate Vulnerable Zones where 
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codes of good practice and action programmes designed by Member States should 
be applied in the designated areas.  These include measures such as limiting the 
conditions and periods when fertilisers can be applied (European Commission, 
2012c).   
The Shellfish Directive originally adopted in 1979 and codified in 2006 by Directive 
2006/113/EC aims to protect or improve shellfish waters in order to support high 
quality shellfish suitable for human consumption (Defra, 2011a). Similarly the 
Freshwater Fish Directive originally adopted in 1978 and consolidated in 2006 aims 
to protect water bodies suitable for producing fish for human consumption (Defra, 
2010).  Both the Freshwater Fish Directive and the Shellfish Directive will be 
repealed in December 2013 by the WFD, which requires at least the same levels of 
protection afforded by the past Directives (Defra, 2011a, 2010).   
There are also strong links between the WFD and the Directive on the Conservation 
of Natural Habitats and of Wild Fauna and Flora, more commonly known as the 
Habitats Directive, and the Directive on the Conservation of Wild Birds, more 
commonly known as the Birds Directive.  Both Directives require the establishment 
of protection areas for the species listed in the respective Directive and for these 
areas and species to be restored or maintained at favourable conservation status.  
Together these protected sites make up the European Natura 2000 network (Collins, 
2012).  Under the WFD these protected sites must be the recorded in RBMPs and 
meet the most stringent of standards set by either of the Directives (European 
Commission, 2000).  
The Marine Strategy Framework Directive (MSFD) aims to protect the environment 
of all marine waters in Europe. Similarly to the WFD, it promotes a coordinated and 
integrated ecosystem-based approach to the management of human activities 
(Collins, 2012).  Under the MSFD MSs must ensure that their marine waters achieve 
or maintain good environmental status by 2020, unless exceptions, similar to those 
permitted under the WFD, are applied.  Good environmental status is defined as 
‘ecologically diverse and dynamic oceans and seas which are clean, healthy and 
productive within their intrinsic conditions, and the use of the marine environment is 
at a level that is sustainable, thus safeguarding the potential for uses and activities 
by current and future generations’.  The WFD applies to coastal waters up to 1 
nautical mile out to sea,  therefore in these areas there will be overlaps with the 
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objectives of the MSFD (Collins, 2012).  As the scope of good environmental status 
under the MSFD is broader than good ecological status required under the WFD, a 
wider range of parameters will need to be monitored in areas of overlap between the 
Directives.  Additional parameters include the presence and extent of litter and noise 
and aspects of biodiversity including fish and marine mammals (HM Government, 
2012).  
2.2.3 Current and future implementation of the Water Framework Directive  
The WFD sets a clear timetable of implementation (Table 2.2).  
Table 2.2: The timetable of implementation of the WFD (adapted from European 
Commission, 2000) 
Year Issue Reference 
2000 Directive entered into force Art. 25 
2003 Transposition in national legislation  
Identification of River Basin Districts and 
Authorities 
Art. 23  
Art. 3 
2004 Characterisation of river basin: pressures, 
impacts and economic analysis 
Art. 5 
2006 Establishment of monitoring network  
Start public consultation (at the latest) 
Art. 8  
Art. 14 
2008 Present draft river basin management plan Art. 13 
2009 Finalise river basin management plan 
including programme of measures 
Art. 13 & 11 
2010 Introduce pricing policies Art. 9 
2012 Make operational programmes of 
measures 
Art. 11 
2015 Meet environmental objectives 
First management cycle ends 
Second river basin management plan & 
first flood risk management plan. 
Art. 4 
2021 Second management cycle ends Art. 4 & 13 
2027 Third management cycle ends, final 
deadline for meeting objectives 
Art. 4 & 13 
By 2003 MSs were required to have transposed the Directive into national law.  
Despite all new MSs doing this, most EU15 countries did not and in 2004 the 
Commission launched non-communication infringements against 11 countries 
(Belgium, Germany, Finland, France, Italy, Luxemburg, the Netherlands, Portugal, 
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Finland, Sweden and the United Kingdom) and in five cases (Belgium, Luxemburg, 
Germany, Italy and Portugal) applications were made to the European Court of 
Justice.  Transposition of the Directive into Greek law was found to be inadequate 
and so a non-conformity case was opened (European Commission, 2007).  
However, by 2009 all MSs had transposed the Directive. 
By 2006 all MSs were to have established monitoring networks in order to establish 
a coherent and comprehensive overview of water status within each RBD.  
Monitoring plans were established and reported on in time, with the exception of 
Greece and Malta, which had not reported on surface water monitoring (European 
Commission, 2009). Inadequacies were identified in some MSs monitoring networks, 
for example, specific monitoring of water bodies used for abstraction and in water 
dependent habitats was not carried out in all MSs and gaps were identified in the 
development of biological assessment methods for determining ecological status 
(European Commission, 2009).   
By 22/12/2009 MSs were required to have published RBMPs after a period of public 
consultation of at least 6 months. The deadline for reporting these to the European 
Commission was 22/03/2010. Twenty three MS reported on these to the European 
Commission, with Belgium and Spain, Portugal and Greece either having not 
adopted plans or having not adopted and/or reported on plans that cover the entirety 
of their territory.  In total 124 plans out of the 174 expected have been completed 
and reported on (European Commission, 2012b).  
The European Commission (2012b) report on the implementation of RBMPs found 
that, although progress towards the WFD’s objectives has been made, it is estimated 
that only 53% of European surface water bodies will have reached good ecological 
status by 2015.  This is only a 10% increase from the number of water bodies at 
good status in 2009. Additionally, the ecological status of 15% of surface water 
bodies within Europe is unknown. Insufficient information regarding the chemical 
status of surface water bodies was provided, with the chemical status of 40% of 
water bodies in the European Union unknown, making estimations of progress 
infeasible. Furthermore, in some Member States the ecological and chemical status 
of water bodies is unknown in over 50% of water bodies. Despite the WFD promoting 
an extensive exchange of information regarding the assessment of water quality 
across Europe, the European Commission has recommended that MSs improve and 
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expand monitoring and assessment tools, so that a statistically robust picture of the 
aquatic environment can be built which will aid further planning for the WFD.  
The European Commission also found that although the WFD’s objectives have 
been included as additional goals, most MSs have not fully integrated these into 
policy decisions.  The successful implementation of the WFD therefore requires 
continued integration of the multiple disciplines that affect water management. Other 
recommendations made by the European Commission for subsequent RBMPs 
include earlier involvement of stakeholders in the planning process, more 
transparency regarding decision making, improved data sets on water quantity and 
demand, and the integration of climate change predictions.   
Second RBMPs for most MSs are due in 2015 with planning for these required to 
start in 2013.   
2.2.4 The WFD in England and Wales  
Within the UK water management is a partly devolved area of policy.  This has 
resulted in the WFD being transposed by different regulations for different parts of 
the UK.  For RBDs that are wholly in England, wholly in Wales, or partially in both 
England and Wales, the Directive was transposed into law through The Water 
Environment (Water Framework Directive) (England and Wales) Regulations 2003.  
The responsibility for those RBDs that are within both England and Wales is shared 
by the Secretary of State and the Welsh Assembly (Defra, 2003), with the 
Environment Agency responsible for the production of RBMPs (Environment Agency, 
2013a).  For the Northumbria RBD, which is partly in England and partly in Scotland, 
the Directive has been transposed thorough the Water Environment (Water 
Framework Directive) (Northumbria River Basin District) Regulations 2003 which 
were made by the Secretary of State in consultation with the Scottish Executive 
(Defra, 2003).  Here the production of the RBMP is the responsibility of the 
Environment Agency (Environment Agency, 2013a). For the Solway Tweed RBD, 
which straddles the border of England and Scotland, the WFD was transposed by 
The Water Environment (Water Framework Directive) (Solway Tweed River Basin 
District) Regulations 2004.  Here the responsibility, along with the RBD wholly in 
Scotland, is the responsibility of Scottish Environment Agency (SEPA, 2013).  In total 
there are 7 RBDs that are within England alone, 2 that are within both England and 
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Wales, 1 that is within Wales alone, and 2 RBDs that are within both England and 
Scotland (Figure 2.5). 
 
Figure 2.5: The River Basin Districts in the UK and Ireland (House of Lords 
European Union Committee, 2012) 
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In 2003 the EA published a position statement which described the WFD as a "major 
opportunity" (Environment Agency, 2003).  However, it also described a number of 
challenges it had identified, and these included: 
 The need for all water bodies to be protected 
 The introduction of new objectives for biological, chemical and physical 
measures 
 The identification of all negative impacts to water quality and the 
establishment of PoMs to address these 
 Economic analysis of the costs to each sector 
 The need for public participation 
The EA implemented monitoring programmes for the WFD in 2006 and reported on 
these to the European Commission in 2007.  The monitoring networks were not 
made available for consultation. 
For each RBD a liaison panel was set up.  These panels include representatives of 
businesses, planning authorities, environmental organisations, consumers, 
navigation, fishing and recreation bodies and central, regional and local government.  
The panels were to assist with the identification of the actions needed to address the 
main pressures on the water environment and help to implement the plans 
(Environment Agency). 
RBMPs for the 11 RBDs in England and Wales were published in 2009, 10 by the 
Environment Agency, along with the Solway Tweed RBMP which was published by 
SEPA.  The plans outline the pressures facing the water bodies and the actions that 
will address them.  They also state the percentage of water bodies in each RBD that 
were judged to be at good status in 2009 and state the percentages that are due to 
improve by 2015 as a consequence of the actions outlined.  In total 24% surface 
water bodies were at good ecological status/ecological potential with this expected to 
rise to 37% by 2015 (House of Lords European Union Committee, 2012).   
After the publication of the RBMPs the WWF-UK and the Angling Trust applied to the 
High Court for a judicial review of the RBMPs.  They stated this action was prompted 
by the lack of ambition in the targets to improve water bodies, the reliance on the 
extension of timescales for improvements and a continued top-down approach to 
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water management, which were all in conflict with the Directive and transposed 
regulations (Ends Report, 2010).   
In response to the application for judicial review, on 22 March 2011, Richard Benyon, 
Parliamentary Under Secretary Minister for the Natural Environment and Fisheries, 
made a statement committing to a package of new measures for the implementation 
of the WFD (Benyon, 2011).  This announcement made a commitment to a 
catchment based approach to sharing information, working together, coordinating 
action and collaborating to achieve improvements to aquatic ecosystems 
(Environment Agency, 2012a).  This recognised the inseparable nature of land and 
water and the need to manage both in a more integrated manner.  It also recognised 
the need to do more at a local level in order to achieve the WFD’s objectives 
(Benyon, 2012).  This announcement was welcomed by the WWF-UK and The 
Angling Trust who withdrew their legal action against the Government (WWF, 2011).   
In April 2012 ten pilot schemes based on the catchment approach hosted by the 
Environment Agency were set up.  A further 15 pilots hosted by external 
organisations were established in January 2012 (Environment Agency, 2012b) 
(Figure 2.6).  An independent evaluation of the pilots was run until January 2013 with 
the findings published in May 2013 (Cascade Consulting, 2013).  This evaluation 
found that the catchment was an effective scale for planning and allowed the 
integration of local and administrative issues, with multiple benefits between 
administrators, sectors and stakeholders easily identified.  Furthermore, it found that 
the approach was successful in engaging a wide range of stakeholders in WFD 
issues, with over 400 delivery actions agreed by the pilots.  The evaluation found 
four main competency areas to be crucial to effective collaborative working. These 
were: leadership and coordination (to ensure organisation and administration), 
technical skills (to relate understanding of the WFD), data analysis, and expert 
facilitation (to allow engagement and collaboration).  Finally the evaluation concluded 
that the costs of the Catchment Based Approach are low compared to the benefits 
generated, and there was a compelling case for the wider adoption of the approach 
in England (Cascade Consulting, 2013).  
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Figure 2.6: Evaluated catchment pilots and wider catchment initiatives (Environment 
Agency, 2012c) 
In 2012 the House of Lord’s European Union Committee released a report entitled 
‘An Indispensable Resource: EU Freshwater Policy’, building on evidence from over 
30 witnesses.  This called the WFD ‘on balance a force for good’ and praised its 
holistic approach and ambition.  However, it recognised that implementing the WFD 
had been a challenge for many MSs and called for the momentum behind it to be 
41 
 
intensified with better communication of the benefits of the Directive and its resulting 
improvements.  Concerns regarding differences in sampling and monitoring 
procedures across Europe were raised, with the report calling for greater 
examination of monitoring regimes to ensure consistency.   
The report also recognised the importance of the general public understanding the 
value of water and the ecosystems supported by water bodies, and highlighted the 
fact that the engagement of stakeholders is essential for the effective management 
of water resources.  The government’s support for the catchment based approach 
was welcomed, identifying this level as the most appropriate to foster local 
involvement.  However, concerns were raised regarding whether the organisations 
responsible for the implementation of the WFD in the UK, mainly the water 
companies, the EA, Defra and Ofwat, had the ability to move away from the 
traditional approach of ‘top down’ management of water resources and promote a 
more ‘bottom up’ response.  The report therefore urged the government to adopt a 
more strategic approach and to act quickly to the lessons learned from the 
catchment management pilots.  
On the 3rd June 2013 Defra launched a policy framework for the catchment based 
approach informed by the pilot phase. This is to be established in all 83 catchments 
of England.  It states that the objectives of the approach are to ‘deliver positive and 
sustained outcomes for the environment by promoting a better understanding of the 
environment at a local level’ and to ‘encourage local collaboration and more 
transparent decision making when planning and delivering activities to improve the 
water environment’.   
On the 22nd June 2011 the Environment Agency launched the Working Together 
consultation for each of the RBDs for which it has responsibility (Environment 
Agency, 2011a).  These sought the public’s view on the most successful ways of 
working with stakeholders so that the development of the second RBMPs can be a 
shared process.  They state that each RBD will continue to have a liaison panel 
made up of the representatives of major stakeholders.  These liaison panels will 
work together to produce the RBMPs, making sure that the right people are involved, 
providing evidence to help make decisions, and monitoring progress of the 
improvement and protection of the environment.  The majority of the responses to 
the consultation stated that the Environmental Agency needed to do more to engage 
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at the local level and ensure that liaison panels and a wider audience are more 
involved with planning (Environment Agency, 2013b).   
A year later on the 22nd June 2012 the Environment Agency launched the ‘River 
Basin Districts: Challenges, Choices and Strategic Environmental Assessment’ 
consultation. This will consult on the public’s perceptions of the significant water 
management issues and priorities for protecting the environment for each RBD 
(Environment Agency, 2013b). Consultation on the second RBMPs will be conducted 
between June 2014 and December 2014 (Environment Agency, 2013c).   
2.3 The EU’s Blueprint for Water 
In November 2012 the European Commission published ‘A Blueprint to Safeguard 
Europe’s Water Resources’ (European Commission, 2012a).  This analysed a 
number of different publications including the Commission’s assessment of RBMPs 
(European Commission, 2012b), the European Environment Agency’s report on the 
state of Europe’s waters (EEA, 2012a) and the Fitness Check of EU Freshwater 
Policy (European Commission, 2012d) in order to identify policy requirements 
necessary to ensure the availability of good-quality water for sustainable and 
equitable water use up to 2050 (European Commission, 2012a) 
The Blueprint found that the current legislative framework regarding water is 
extensive and essentially fit to address the challenges faced by the aquatic 
environment.  However, water bodies throughout Europe continue to be threatened 
by a number of activities and challenges, with pressures from these set to increase 
unless action is taken.  The Blueprint therefore identified that better implementation 
of current European policy regarding water is required.  This includes the WFD and 
other associated legislation such as the Nitrates Directive.  It also identified the need 
for better integration of water policy objectives into other areas of policy, including 
integration with the Common Agricultural Policy, policies on renewable energy and 
transport, along with disaster management and the European Cohesion fund.   
The Blueprint found that the most common pressure on Europe’s waters is the 
modification of water bodies due to dams for hydropower, navigation, drainage and 
flood protection.  It stated that these required strategic environmental impact 
assessments or environmental impact assessments and associated mitigation 
measures.  The second most common pressure was identified as over abstraction, 
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with the establishment of ecological flows, the amount of water required to support 
aquatic ecosystems, identified as a solution to this.  The chemical status of water 
bodies remains a concern despite considerable progress resulting from policies to 
tackle point and diffuse pollution.  The need for better monitoring of water bodies 
was reiterated by the Blueprint.  The need for innovative partnerships to improve the 
knowledge base regarding the management of water bodies and their governance 
was also identified as being key to the achievement of European water policy 
objectives.  
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3 AIM AND OBJECTIVES 
3.1 Aim 
The aim of the research was to assess the potential of environmental monitoring to 
facilitate integrated management of surface water bodies, with particular reference to 
the implementation of the Water Framework Directive (WFD) within England and 
other Member States of the European Union.  The work of this thesis has considered 
the role of monitoring in such an approach, looking at the objectives of monitoring, 
the design of monitoring networks and the use of the data it provides 
3.2 Objectives 
Specific objectives included: 
 Identify the challenges associated with the implementation of the WFD and 
the transition towards monitoring for integrated management 
 Examine the role of monitoring networks in providing a comprehensive 
overview of ecological quality of surface water bodies 
 Assess the potential of monitoring networks in providing an assessment of the 
chemical status of surface water bodies 
 Investigate the role of data in the detection and management of pressures in 
freshwater ecosystems 
 Explore methods of involving stakeholders with monitoring and management 
of surface water bodies 
 Provide recommendations for the implementation of the WFD from the 
findings of the task above 
3.3 Structure of the thesis 
An overview of the research topic and the rationale for the research were firstly 
introduced in Chapter 1.  Chapter 2 presented the background drivers for the work, 
focusing on water management policies at the international and national levels.  The 
aim, objectives and significance of this thesis are defined in this Chapter. 
Chapter 4 focuses on the aims of monitoring under more integrated approaches to 
water management.  The requirements of monitoring under the WFD are discussed 
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and a comparison to previous monitoring arrangements in England and Wales is 
made in order to identify the associated challenge.   
Chapter 5 and 6 consider the design of monitoring networks that provide data for use 
in the catchment management of surface water bodies.  Due to their ability to 
respond to all pressures within an ecosystem, Chapter 5 reviews the need and 
design requirements of monitoring networks for biological elements and associated 
ecology  This uses a river basin in England to review the number of elements 
monitored, the number of elements failing and the relationship between failing 
elements.  By being persistent, bio-accumulating and toxic a number of chemicals 
threaten water resources and the ecosystems they support.  Therefore, also using a 
river basin form England and Wales, Chapter 6 reviews the design of priority 
substance monitoring and the need to integrate it with ecological monitoring.  The 
use of the concept of risk in the design of monitoring and identification of differences 
between catchments is investigated, along with the use of the toxic unit concept to 
identify chemical risk to biological elements. 
Chapter 7 and 8 then consider the use of monitoring data collected under the WFD 
for the catchment management of surface water bodies.  The role of monitoring data 
in the detection of pressures on water bodies is discussed in Chapter 7.  This 
highlights the need for a systems approach towards understanding aquatic 
ecosystems so that integrated measures can be adopted.  A conceptual model 
demonstrating how monitoring links ecosystems with the decision making process is 
presented.  The need for the monitoring of restoration measures is demonstrated 
and examples of the indicators that could be used to do this are presented. Chapter 
8 investigates the use of monitoring data in encouraging the participation of 
stakeholders in decision making.  How monitoring data can be communicated to 
stakeholders, along with methods to combine monitoring data with stakeholder 
knowledge and opinions are discussed.  The role stakeholders could play in the 
design of monitoring networks, the collection of data and in the evaluation of 
restoration measures are also investigated. 
An overall discussion is presented in Chapter 9, where the recommendations 
proposed by this thesis are aggregated and reviewed.  The importance of monitoring 
in integrated management of water bodies, along with the need to incorporate 
monitoring into the process of river basin management and decision making under 
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the WFD more fully is highlighted.  Finally, the conclusions of this thesis are provided 
in Chapter 10.   
3.4 Significance of the thesis 
The management of water resources continues to be of interest at an international, 
European and national level, with commitment to the integrated approach to water 
management recently being reconfirmed at the United Nations Conference on 
Sustainable Development.  Furthermore, the European Union remains committed to 
the WFD and is encouraging Member States to address the challenges associated 
with its implementation.  Within England the Government aims for all water bodies to 
be in excellent condition by 2050, announcing a new catchment based approach to 
water management which will be rolled out in time for the second RBMPs.  By 
considering the role of monitoring in integrated catchment approaches to water 
management, this thesis seeks to provide recommendations for the inclusion of 
monitoring within the catchment based approach recently adopted by the UK.  
Findings will also be of use to those involved with the RBM process at the European 
level and internationally where integrated approaches to water management are 
being implemented.  
Most of the Chapters in this thesis have been prepared as publications, reflecting on 
the originality of the work.  Parts of Chapter 2 were included in the book chapter 
entitled ‘Water Management and Regulation’ which I co-authored in ‘Environmental 
and Energy Law’ published by Wiley-Blackwell.  All other Chapters have been either 
published, accepted or submitted to peer reviewed Journals (see below) or are in 
preparation for submission.   
Findings from the research presented in this thesis have been of interest to 
authorities responsible for water management and to decision makers in the field of 
catchment management.  Findings have been discussed with the Joint Water 
Evidence Group of Defra and the Environment Agency, along with the Water Quality 
Partnership of the Broads Authority.  The work for this thesis also helped to inform 
participation in the CIWEM and Defra led workshops on the catchment based 
approach held on 17th October 2012 and 14th February 2013, along with the Rivers 
Trust’s workshop on Community Led Catchment Planning and Delivery held on 16th 
May 2013.  Preliminary findings of the thesis were also presented at the M3 
Workshop on Monitoring and Data Evaluation under the Water Framework Directive 
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- Achievements, Deficits and New Horizons in Luxembourg, indicating the 
significance of the work. 
Publications: 
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Assessment (Submitted) 
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in England and its Suitability for Integrated Assessments of Water Quality.  Science 
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Assembly for Wales, 2012 
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Human Health and the Environment: A Risk Based Approach.  Editors: Jane A. 
Plant, Nikolaos Voulvoulis, K. Vala Ragnarsdottir.  Wiley, 2011 
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Conference proceedings: 
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4 THE ROLE OF MONITORING IN THE IMPLEMENTATION OF 
THE WFD IN ENGLAND AND WALES 
The development of European water legislation can be seen to have three periods of 
development.  The first period began in 1975, focusing mainly on water quality 
standards and on the protection of water allocated for drinking (Kaika, 2003, Da-
Cunha, 1989).  The second period began in 1991, with legislation introducing 
emission levels as a method of achieving quality standards (Kaika, 2003).  New 
legislation implemented in that period included the Urban Wastewater Management 
Directive and the Directive for Integrated Pollution and Prevention Control.  The 
implementation of the WFD represents the third period of water legislation due to its 
move to a more integrated and holistic approach to water management (Kaika, 
2003).   
Due to the innovations of the WFD, as outlined in section 2.3, it was expected that 
significant changes to Member States’ national environmental regulations would be 
required when it was introduced into national law (Griffiths, 2002).  Furthermore, due 
to the emphasis the Directive places on it, monitoring has also been identified as 
integral to the WFD’s success (Kallis and Butler, 2001; Dworak et al., 2005; Martins 
et al., 2009).  This chapter therefore reviews the monitoring requirements of the 
WFD.  Additionally, the chapter reviews the past and current monitoring 
arrangements within England and Wales comparing them to the requirements of the 
WFD in order to highlight where improvements can be made and identify the issues 
associated with moving towards a more integrated approach to water management. 
The results of this work are particularly useful ahead of establishing a work 
programme prior to the publication of the second RBMPs due in 2015.   
4.1 Monitoring in England and Wales prior to the implementation of 
the WFD 
The monitoring of waterways within England and Wales has a long history and has 
typically been divided into three aspects of management; quality, quantity and 
physical structure.  There has been a different approach to each of these areas due 
to the different statutory drivers (Raven, 1998; Logan, 2002)  
Since 1970 water quality in rivers and estuaries has been monitored using the 
General Quality Assessment (GQA).  This comprised monthly spot monitoring of the 
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chemical components, dissolved oxygen, biochemical oxygen demand and 
ammonical nitrogen, and the nutrients phosphate and nitrogen, on stretches of water 
with a flow greater than 1 m³/second.  Under the scheme stretches of river were 
graded from A-F (high to low) based on a site which can charaterise the maximum 
stretch.  The gradeings were based on bands of estimated percentiles from 3 years 
worth of data (Environment Agency, 1997). From 1990-1995, 8000 sites received 
gradings (Environment Agency, 2011a) and between 2000-2006, 7000 sites were 
moniotred for chemistry under the GQA (Defra, 2011b).  Between 2006 and 2011 
monitoring for the GQA and WFD was conducted concurrently, with the Environment 
Agency (EA) of England and Wales monitoring soley for the WFD from 2011 
(Environment Agency, 2011c) 
After the implementation of the GQA, it was recognised that a more integrated 
approach to monitoing was required and a biological classification system was 
developed based on different macro-invertebrate famillies according to their 
sensitivty to pollution. This process, known as the British Monitorig Working Party 
(BMWP) scoring was used from the 1980s (Logan, 2002). This was then developed 
so that differences in river types and their associated biology were taken into 
account.  After this the classification was known as the River Invertebrate Prediction 
and Classification System (RIVPCS). In 2000, 6100 sites were assessed using 
RIVPCS, with this dropping to 3300 sites whilst monitoring for the GQA and WFD 
was conducted concurrently (Environment Agency, 2011a).  
In 1994 the Fish Identification Scheme (FIS) was implemented at 950 sites in order 
to further investigate quality of rivers (Logan, 2002).  This used channel gradient and 
wetted channel width to derive a measure of abundance of fish from salmonoid and 
coarse fish groups in relation to habitat avaliability (Raven, 1998).  The FIS classified 
river reaches in terms of excellent, good, fair, poor abundance of fish (Raven, 1998) 
and assessed 950 sites (Environment Agency, 2004).  
In 2001 the EA developed the monitoring of fish by creating a nationwide survey.  
This looked at fish populations, habitats, participation in fishing and fishing methods.  
Four monitoring networks were introduced to monitor fish populations. These 
included; an index network, which was designed to intensively monitor fish 
population on 4 principal salmonoid rivers, a temporal network  using 545 salmonid 
sites and 1010 coarse sites annually, a spatial network using 4010 salmonid sites 
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and 825 coarse sites monitored every 5 years and a sentinel network on 575 
salmonid  and 495 coarse fish sites every 5 years to provide information on the 
distribution and variety of species.  In total the national monitoring programme 
included 7625 sites (Environment Agency, 2004).  The EA designed a system called 
the Habscore system to assess the physical habitat in relation to fish numbers.  This 
used characteristics of habitat e.g. river substrate and vegetation to predict an 
expected number of juvenille trout and salmon and compare this with observed 
numbers.  The Habscore network was designed to cover 5130 sites every 10 years 
(Environment Agency, 2004).   
The development of the Surface Water Abstraction Licence Procedure (SWALP) in 
1995 standardised the assessments of water quantity. The SWALP modelled flows 
within catchments assuming no anthropogenic influence, and identified the sensitivity 
of flows and their associated biology to change (Logan, 2002).  The sensitivity 
assessment was based on the current ecological need rather than ecological 
potential required by the WFD.  
The river habitat survey was developed in order to assess the physical structure of 
rivers.  This assessment is based on the presence of features which are known to be 
of value to wildlife, such as riverside trees, the diversity of habitats and 
anthropogenic modifications, such as channelisation (Logan, 2002).  The first 
assessment was carried out between 1995-1997 and then repeated between 2006-
2008, with 4889 sites being assesssed (Environment Agency, 2010).  
It is clear that prior to the WFD the monitoring of different aspects of aquatic 
management was developed and carried out seperately without an integreated 
approach.  Due to this the networks provided little opportunity to understand the 
interactions between the different  management aspects i.e water quality, water 
quantity and physical structure (Logan, 2002). As aquatic ecosystems are impacted 
by all of these aspects, the monitoring of ecological quality allows for a more 
integrated approach.  Due to the change in approach, it was acknowledged that 
many technical challenges needed to be overcome with regard to monitoring for the 
implementation of the WFD (UKTAG, 2005).  
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4.2 The significance of monitoring within the Water Framework 
Directive 
Monitoring for the WFD was implemented in the UK in 2006 and reported to the 
European Commision in 2007.  Despite these being relatively new, the first river 
basin planning cycle has been completed and with monitoring for the WFD running 
for a number of years, it is now possible and useful to review the progress made in 
monitoring efforts.   
Historically the purpose of monitoring may have been seen as being to enforce and 
monitor compliance (De Jonge et al., 2006).  Although monitoring in many Member 
States has a long history, the locating of sampling locations has typically been in 
response to point sources of pollution (De Jonge et al., 2006; Friberg et al., 2005; 
Defra, 2011).  Now, Article 8 the WFD states the role of monitoring is to ‘provide a 
clear and comprehensive overview of water status within each RBD’ (European 
Commission, 2000). This requires monitoring to provide more detailed information 
regarding the water environment than in the past and as a result has widened its 
objectives.  
Annex V of the Directive outlines a long list of specific objectives for monitoring. 
These include:   
 The classification of status 
 Supplementing and validating the Annex II risk assessment procedure 
 The efficient and effective design of future monitoring programmes 
 The assessment of long-term changes in natural conditions 
 The assessment of long-term changes resulting from widespread 
anthropogenic activity 
 Estimating pollutants loads transferred across international boundaries or 
discharging into seas 
 Assessing changes in status of those bodies identified as being at risk in 
response to the application of measures for improvement or prevention of 
deterioration 
 Ascertaining causes of water bodies failing to achieve environmental 
objectives where the reason for failure has not been identified 
 Ascertaining the magnitude and impacts of accidental pollution 
 Use in the intercalibration exercise 
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 Assessing compliance with the standards and objectives of Protected Areas; 
and 
 Quantifying reference conditions (where they exist) for surface water bodies 
Due to this number of requirements for monitoring it is clear that monitoring is crucial 
for the success of the WFD.  
As the objectives of monitoring have diversified, so have the strategies required to 
fulfil them.  To reflect this, the WFD has introduced three types of monitoring: 
surveillance, operational and investigative (European Commission, 2000) (Figure 
4.1).  Surveillance monitoring is required to investigate the overall water body status 
within a catchment or sub-catchment.  The results from surveillance monitoring 
should then be used to inform the locations for operational monitoring.  Operational 
monitoring is required to assess the status of water bodies identified as at risk of 
failing to meet the Directive’s objectives. Finally, where a water body is identified as 
failing to achieve good status and the reason is unknown investigative monitoring will 
be required (European Commission, 2000).    
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Figure 4.1: Schematic of the three types of monitoring embedded in the Water 
Framework Directive (adapted from Sanchez and Porcher, 2009).   
To satisfy their objectives, both surveillance and operational monitoring types require 
the use of methodologies that classify water bodies into one of five classes 
representing the degree to which observed monitoring data differs from reference 
conditions (European Commission, 2003). The reference conditions and boundaries 
for each class have been subject to a process of intercallibration in order to ensure 
consistency across Member States (European Commission, 2003).  As investigative 
monitoring is only required where the reasons for failures are unknown, the 
methodology will be tailored to each specific case, with classification not always 
required. Instead, ecotoxicological monitoring and assessment methods or 
continuous or semi continuous monitoring may be appropriate.  
The definition of a monitoring programme’s objectives will have an influence on 
sampling approach, for example monitoring programmes with different objectives 
require different locations, number of samples, sampling intensively etc. (Maher et 
al., 1994; Artiola et al., 2004). Due to this, as the requirements of monitoring change, 
monitoring networks will need to be updated as the locations where monitoring has 
Surveillance monitoring 
Required to investigate the overall 
surface water status within a catchment 
or sub-catchment 
Water bodies at risk  
Operational monitoring 
Required to assess the status of water 
bodies identified as at risk of failing to 
meet the Directive’s objectives 
Investigative monitoring 
Required when the reason for failure to 
achieve good status is unknown  
Poor or bad status water bodies  
Good or high status 
water bodies  
Good or high status 
water bodies  
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been historically conducted may no longer be optimal.  Additionally, as the networks 
required under the Directive have different objectives, separate monitoring locations 
may be required for each.  The WFD makes stipulations about locations and water 
bodies that require the different types of monitoring.  For example, sites for 
surveillance monitoring should be selected on the basis of water bodies’ relative 
importance e.g. if the volume and flow rate are significant within the river basin 
district and water bodies that cross member state boundaries (European 
Commission, 2000).  
Only water bodies judged to be at risk of failing environmental objectives require 
operational monitoring.  Risk is judged using the results of surveillance monitoring or 
from an assessment of the anthropogenic pressures on water bodies. Such 
assessments are required under of the Directive with Annex II stating that the 
assessment of anthropogenic pressures should particularly focus on; the 
identification of point source pollution, diffuse pollution, abstractions, modifications in 
flow regimes and morphology.  However, neither the Directive nor the guidance 
documents stipulate how this should be done.  Therefore, the method of judging risk 
is reliant on expert judgement and good understanding of the ecological processes 
that determine water quality.  In time, data from investigative monitoring should 
validate the risk assessment process, providing more detailed understanding of the 
water bodies (European Commission, 2003).  There is no legal obligation for 
Member States to do this or guidance provided.  However, the process will ensure 
that monitoring networks are updated for efficiencies and the reliability of data they 
produce.  
The use of three types of monitoring promotes a targeted and strategic approach to 
monitoring, encouraging thought to be given to the desired outcomes of the 
monitoring during the design of monitoring programmes.  Further, the requirement 
that only water bodies classified as at risk of failing to meet objectives require 
operational monitoring introduces risk assessment into monitoring procedures.  This 
allows for a cost effective and targeted approach to monitoring.  This has been done 
in recognition that it would not be feasible, or necessary to monitor everywhere (EC, 
2000).   
The Directive also allows for the grouping of water bodies which share the same 
characteristics and judged to be influenced by the same pressures.  This allows for 
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monitoring to be carried out in fewer water bodies and the results inferred for water 
bodies where monitoring is not carried out.  The guidance document on monitoring 
states that the grouping of water bodies can only be done where it is technically or 
scientifically justifiable (European Commission, 2003).  This is therefore also reliant 
on expert judgement and risk analysis and requires Member States to allow scrutiny 
of the process.  No examples have been provided of this and no criteria or statistical 
analysis recommended for the process. The interpretation of what constitutes 
acceptable levels of risk of miscalculation and confidence will also influence the 
monitoring efforts in terms of how many monitoring stations are used, and how 
frequently monitoring is carried out. There is a need to balance the cost of monitoring 
with the accuracy of classification, so that Member States are not over burdened with 
monitoring but monitoring is still reliable and can inform decision making.  The 
Directive does not specify what levels of precision or risk are required and allows 
Member States to decide upon this.  However, it is stated that precision and 
confidence in monitoring results will have to be reported in RBMPs allowing 
monitoring to be open to scrutiny by interested parties (European Commission, 
2000).   
The WFD has large impact on elements that require monitoring.  The Directive 
requires the monitoring of both chemical and ecological status.  Annex V of the 
Directive states that for surface waters the assessment of ecological status is based 
on biological quality elements along with hydrological, chemical and physico-
chemical elements.  Table 4.1 gives the quality elements used for the classification 
of ecological status. The Directive allows Member States to decide upon the 
methods and the taxonomic level adequate to classify each element. Despite 
different interpretations being permitted biological assessments were subjected to an 
intercalibration exercise between Member States to ensure the comparability of 
biological assessment results across Europe (European Commission, 2002). 
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Table 4.1: The quality elements used to classify ecological status (adapted from 
European Commission, 2000) 
Quality element Rivers Lakes Transitional Coastal 
Biological elements     
Composition and abundance 
of aquatic flora 
    
Composition and abundance 
of benthic invertebrate fauna 
    
Composition, abundance and 
age structure of fish fauna 
    
Composition, abundance and 
biomass of phytoplankton 
    
Hydromorphological elements 
supporting the biological 
elements 
    
Quantity and dynamics of 
water flow 
    
Residence time     
Connection to the 
groundwater body 
    
River continuity     
Depth and width variation     
Depth variation     
Structure and substrate of the 
bed 
    
Structure of the riparian zone     
Structure of lake shore 
Structure of intertidal zone 
   
 
 
 
direction of dominant currents     
Wave exposure 
freshwater flow 
    
Chemical and physico-chemical 
elements supporting the 
biological elements 
    
Transparency     
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Quality element Rivers Lakes Transitional Coastal 
Thermal conditions     
Oxygenation conditions     
Salinity     
Nutrient conditions     
Acidification     
Priority substances identified 
as being discharged into the 
body of water 
    
Other substances identified 
as being discharged in 
significant quantities into the 
body of water 
    
At surveillance monitoring points all of the quality elements indicative of chemical 
and ecological status must be monitored.  However, the selection of quality elements 
to monitor at operational monitoring points is much more open to the discretion of 
Member States. Member States shall monitor for the biological and 
hydromorphological quality elements that are most sensitive to the pressures that 
have been identified by the risk assessment as influencing the water bodies 
(European Commission, 2003).  Different catchments will be exposed to different 
pressures; for example, within England and Wales all catchments acknowledge 
pressures from diffuse agricultural sources.  However, only one identifies 
acidification as a threat to water quality (Environment Agency, 2009a; b; c; d; e; f; g; 
h; i; j). Therefore, the selection of which element to monitor will vary from water body 
to water body and from catchment to catchment.  
This judgement of which elements are appropriate to monitor requires expert 
opinion.  The European Commission’s guidance document, in general, is unclear on 
a number of practical questions, especially with regard to “who to do it” questions 
(M3, 2011).  Both who should be making expert decisions and how expert opinion is 
obtained are open to Member States’ interpretation.  However, guidance on the 
pressures that different elements are most sensitive to has been provided by the 
commission (European Commission, 2003).  The guidance document acknowledges 
that the quality of biological communities is a product of the physical and chemical 
status of water and therefore biological elements are essential in determining the 
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ecological status.  Due to this monitoring of physical and chemical elements can only 
be used in a supporting role, to aid the interpretation of results of biological 
assessments and not in place of biological elements (European Commission, 2003).  
The Directive also provides details of the minimum frequency of monitoring for 
different quality element types (European Commission, 2000) decided upon during 
the long negotiations on the design of the Directive.  For surveillance monitoring the 
Directive states that hydrological and biological elements must be monitored at least 
once during the surveillance period.  Physico-chemical elements should be 
monitored at least every 3 months, except priority substances which require 
monitoring every month (European Commission, 2000).  The WFD also states the 
minimum frequency of monitoring for ecological quality elements used in operational 
monitoring.  In order to provide reliable assessments, aquatic flora, invertebrates and 
fish should be monitored at least once every 3 years, with phytoplankton monitored 
every 6 months.  The hydromorphological elements should be monitored every 6 
years, except hydrology which should be continuously monitored for rivers and once 
a month for lakes. Physiochemical elements should be monitored at the same 
frequency as surveillance monitoring.    
Despite setting clear guidance on monitoring frequencies, the Commission 
acknowledges that there may be variability in some elements and in different water 
bodies.  Therefore, increased monitoring frequency may be required to overcome 
this, with specific tailoring required for different areas, elements and different 
countries (European Commission, 2003).  The Directive guidance stresses the need 
for accuracy of monitoring data but also allows for a cost effective approach where 
levels of precision and confidence may be balanced against the costs.  Due to this 
Member States are permitted to target their monitoring to particular times of the year 
when quality elements are likely to be less variable, for example macrophytes during 
mid to late summer.  Where confidence in an indicator is considered low it is also 
acceptable for Member States to use additional indicators and implement a weighted 
process for these.  These allowances permit each member state to design 
monitoring programmes that are appropriate for the variability and conditions of their 
own water bodies. 
By creating a framework for water management, the Directive has also specified 
about how monitoring data should be used throughout the river basin management 
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process.  Sound monitoring and analysis are essential for the creation of 
Programmes of Measures (PoMs) that will allow the achievement of The Directives 
objectives.  Programmes of measures need to include basic measures to implement 
community legislation along with additional supplementary measures required at the 
local level to achieve the WFD‘s objectives, for example, emission controls and 
codes of best practice (European Commission, 2000).  Programmes of measures will 
be specified in the River Basin Management Plans (RBMPs) produced by the 
statutory body responsible for achieving the WFD.  Due to the need for monitoring 
data to inform programmes of measures, the use of data is essential not only for 
classifications but also for management of the catchment.   
The Directive identifies that its success is reliant on ‘close cooperation and coherent 
action’ at all levels of governance and on ‘information, consultation and involvement 
of the public, including users’ (European Commission, 2000).  Public participation 
has also been deemed to be crucial to water management by a number of academic 
reviews and case studies (Antunes et al., 2009; Collins, 2007; Mouratiadou and 
Moran, 2007; Mostert et al., 2007; Orr et al., 2007; Pahl-Wostl, 2007).  Therefore, the 
sharing of results from monitoring will be essential for the success of the Directive.    
4.3 Current monitoring and use of monitoring data in England and 
Wales 
Within the UK water management is a devolved issue with the EA being the statutory 
body responsible for the implementation of the Directive in England and Wales.  
However, it reports to the European Commission for the whole of the UK. Data on 
the numbers of surveillance and operational monitoring operations for the UK were 
submitted to the European Commission in 2007, and this data along with the RBMPs 
is useful in reviewing the monitoring networks across England and Wales.   
Across the UK, surveillance and operational monitoring networks were established in 
2006.  There are 44 operational monitoring stations for rivers and lakes per 1,000 
km2 wet surface within the UK, compared to 6 per 1000 km2 wet surface for 
surveillance monitoring (European Commission, 2009).  
Within the UK, surveillance monitoring is carried out at 1,418 sites representing 12% 
of rivers, 113 sites representing 10% of lakes, 130 sites representing 18% of 
transitional waters and 384 sites representing 10% of coastal waters. This exceeds 
the benchmark set by the EC for the number of water bodies to be included in 
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surveillance monitoring.  Despite exceeding the benchmark number of surveillance 
monitoring locations, the UK has only monitored all biological quality elements at 
52% of these locations (European Commission, 2009).  The lack of biological 
monitoring at surveillance monitoring points is not uncommon across the rest of 
Europe with only Bulgaria, Czech Republic and Luxembourg monitoring all biological 
elements at 100% of surveillance sites (European Commission, 2009).  However, out 
of the 22 countries who have reported, only 5 monitor all biological elements at a 
smaller percentage of surveillance sites than the UK.  These include Cyprus, France, 
Hungary, Sweden and Slovenia (European Commission, 2009).  
The UK’s operational monitoring programme covers 11,485 monitoring stations.  The 
majority of these, 91.6% are on rivers (10,518 sites), with 2.24% (257 sites) on lakes, 
2.17% (250 sites) on transitional waters and 4.0% (460 sites) on coastal waters.  
Despite including more water bodies than any other member state, the UK’s 
operational monitoring programme only covers 58% of the water bodies that have 
been identified as at risk of failing the WFD’s objectives in 2007 (European 
Commission, 2009).  The main pressures identified as being a threat to water bodies 
within England and Wales are diffuse pollution from agricultural sources and point 
source pollution from the water industry (Environment Agency, 2009a; b; c; d; e; f; g; 
h; i; j). Although in the UK there is a lower percentage of at risk water bodies 
included in operational monitoring than the Directive requires, only 5 Member States 
have included a higher percentage, with Belgium, Czech Republic, France, Latvia 
and Slovenia monitoring between 60%-95% of water bodies that have been classed 
as at risk (European Commission, 2009).  
The European Commission has stated that the UK shows low use of biological 
elements in operational monitoring across all water body types (European 
Commission, 2009). This may reflect the UK’s use of the Directive’s allowance of 
monitoring only elements that are indicative of the pressures highlighted by the risk 
assessments.  However, it also highlights the slowness of the UK’s shift towards the 
use of biological quality elements and the continued reliance on the monitoring of 
chemical elements which have been monitored in England and Wales since 1970, 
with 8000 sites monitored between 1990-1995. 
A review of the RBMPs provides a more detailed analysis of the use of monitoring 
elements in England and Wales (Table 4.2).  This also highlights low use of 
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biological monitoring, with on average only 4.49% of water bodies in catchments 
monitored for macrophytes, 7.85% for diatoms and 35.34% and 41.9% for fish and 
invertebrates respectively (Table 4.2). The quality elements such as dissolved 
oxygen and ammonia are monitored at higher rates, with 59.23% and 59.29% of 
water bodies monitored respectively. The data was calculated by taking the number 
of water bodies assessed for each element in each catchment and the total number 
of surface water bodies as given by each RBMP. 
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Table 4.2: Percentage of water bodies monitored for quality elements within the 10 catchments of England and Wales (adapted from Environment Agency, 
2009a; b; c; d; e; f; g; h; i; j) 
Quality element 
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Percentage  
N
um
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Percentage  
 
Diatoms 69 8 8 7.0 121 10.4 49 10.4 68 9.1 70 7.7 17 3.9 86 7.9 62 10.0 30 3.7 7.5 
Macrophytes 23 2.7 8 7.0 31 2.7 26 5.5 29 3.9 242 26.5 13 2.9 78 7.1 23 3.7 5 6.1 7.3 
Invertebrates 323 37.3 54 47.0 502 43.1 159 33.4 346 46.2 465 51.0 198 44.9 427 39.1 297 48.1 250 30.7 39.5 
Fish 283 32.6 44 38.3 390 33.5 214 45.0 239 31.9 369 40.5 157 35.6 385 35.2 186 30.1 300 36.9 33.5 
Dissolved 
Oxygen 
567 65.4 71 61.7 753 64.6 284 59.7 404 53.9 657 72.0 242 54.9 596 54.5 375 60.8 383 47.1 55.2 
Ammonia 569 65.6 71 61.7 753 64.6 284 59.7 404 53.9 657 72.0 242 54.9 596 54.5 375 60.8 386 47.4 55.2 
pH 565 65.2 69 60.0 744 63.9 280 58.8 404 53.9 677 74.2 241 54.6 583 53.3 375 60.8 365 44.8 54.8 
Phosphorus 573 66.1 71 61.7 752 64.5 284 59.7 404 53.9 679 74.5 244 55.3 596 54.5 377 61.1 386 47.4 55.6 
Temperature 567 65.4 71 61.7 753 64.6 284 59.7 404 53.9 679 74.5 244 55.3 596 54.5 373 60.5 383 47.1 55.5 
Specific  
pollutants 
574 66.2 71 61.7 755 64.8 285 59.9 404 53.9 682 74.8 244 55.3 597 54.6 317 51.4 390 47.9 54.9 
Priority 
substances 
81 9.3 11 9.6 140 12 17 3.6 61 8.1 89 9.8 36 8.2 49 4.5 91 14.7 46 5.7 7.9 
Water bodies 
monitored for at 
least one 
biological 
element 
468 54 76 66 710 61 290 61 442 59 620 68 287 65 601 55 389 63 448 55 60.7 
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Across Europe invertebrates are often the most monitored element within 
surveillance monitoring networks of Member States, with 16 out of the 20 reporting 
Member States monitoring this element at a greater number of sites than other 
biological elements (European Commission, 2009).  Diatoms are often monitored at 
lower frequencies when compared to other biological elements in Member States, 
with 9 out of 20 reporting Member States monitoring diatoms at fewer sites than any 
other biological element and 7 out of the 20 monitoring diatoms at the second lowest 
frequencies.  Fish are monitored at the least number of sites within 6 Member 
States, and macrophytes and invertebrates are the least monitored element in only 
one member state each.   
In England and Wales investigative monitoring is conducted either to confirm 
failures, confirm the reasons of failures or to identify measures (Environment 
Agency, 2011d). In total 13,216 investigations for the WFD were planned prior to 
2012, with an estimated 5,449 conducted in 2010.  Where investigative monitoring 
has been, or will be used to confirm failures and to confirm the reason for failures, 
surface water quality is monitored most frequently (Figure 4.2), with 2,608 and 2,724 
investigations planned respectively (Environment Agency, 2011d).  Biological 
elements are most commonly monitored in order to confirm the reasons for failure, 
with a total of 2,294 investigations planned.  Fish will be the most commonly 
monitored biological element under the investigation programme with a total of 1,511 
investigations planned.  All biological elements will be monitored more frequently for 
investigations to confirm the reasons for failure.  Morphology will be the element 
most frequently monitored in order to identify measures (Figure 4.2).   
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Figure 4.2: The profile of investigations aimed for by 2012 in England and Wales 
(adapted from Environment Agency, 2011c).  
Annex B of each RBDP lists the quality elements monitored for each water body and 
provides information regarding the confidence in the classifications.  This allows 
scrutiny from stakeholders who can judge whether there is sufficient confidence to 
justify measures implemented.  However, the RBMPs do not state clearly how the 
risk assessment process has been used to decide where to monitor, nor is it clear for 
some water bodies that do not have any biological quality elements monitored how 
the classification stated was reached.  Under the Directive, classification can be 
made through inferring information from water bodies with similar characteristics.  
However, it is not clear from the RBMPs if or where this has been done.  
The RBMPs for England and Wales also clearly state the programmes of measures 
to be implemented and the pressures to which these are in response.  However, little 
information is provided on how the decisions were reached or what informed the 
decision.   
Prior to the completion of the RBMPs, Catchment Liaison Panels were set up by the 
EA for each of the catchments in England and Wales.  The EA stated that liaison 
panels are core strategic drivers of river basin planning, made up of key 
stakeholders that are able to take action to meet the requirements of the WFD 
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(Environment Agency, 2006).  Annex L of the RBMPs also gives details of those 
involved in the planning process, particularly the members of the catchment liaison 
panels.  The liaison panels for all of the RBDs include the Environment Agency, 
business and industry groups, farming representatives, Natural England, water 
companies, consumers, environmental Non Governmental Organisations (NGOs).  
The majority also include representatives from ports, local authorities, recreational 
user groups and regional development agencies (Environment Agency, 2009 a; b; c; 
d; e; f; g; h; i; j).  The minutes from the liaison panels show that the panels have 
been instrumental in keeping interested parties informed of the progress of the WFD, 
in raising awareness about the Directive and communicating stakeholders’ opinions 
on progress to the EA (Environment Agency, 2011b).  However, it is difficult to 
identify where the members of a liaison panel have made decisions together and the 
role that the panel has played in the design of the programme of measures.   
4.4  Discussion  
It is clear that the implementation of the WFD has resulted in substantial changes to 
the aquatic monitoring requirements of statutory bodies for some Member States 
within the EU (Hering et al., 2010). This is particularly apparent for England and 
Wales where the implementation of the WFD has introduced a number of new 
concepts for monitoring.   
The first of the new concepts to be introduced is that that all types of water bodies 
require monitoring.  Methods used in England and Wales prior to the WFD 
particularly focused on the monitoring of rivers, with lakes and coastal waters mainly 
overlooked. For example the GQA assessed over 8000 sites on rivers and estuaries 
annually between 1990-1995.  For both surveillance and operational monitoring 
networks, rivers are still monitored more than any other water body type in the UK, 
with 1418 and 10,518 sites respectively.  However, for surveillance monitoring the 
percentage of water bodies included is similar for all water body types.  For 
operational networks monitoring on rivers exceeds any other water body type by two 
orders of magnitude.    
The second new concept introduced by the WFD is that a more holistic approach to 
the monitoring of water quality is required.  This is to be achieved by the focus on 
ecological monitoring.  Biological elements are essential for long term water quality, 
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and as they are impacted by most anthropogenic impacts, and provide an 
assessment of the impacts of combined pressures, are essential to the monitoring of 
surface water bodies (Logan, 2002; Logan and Furse, 2002; Sweeting, 2001). The 
monitoring of biological elements is therefore essential for surveillance monitoring 
which seeks to provide an overview of water quality status.  The European 
Commission report on implementation found that only 51% of all surveillance 
monitoring locations monitored all biological elements, despite 100% being required.  
This highlights the low use of biological monitoring within the UK (European 
Commission, 2009).  This is of concern as it demonstrates a slow move towards 
ecological monitoring.  This may be because only invertebrates and fish were being 
monitored at a national scale in England and Wales prior to the WFD. In contrast the 
monitoring of dissolved oxygen, biochemical oxygen demand, ammonical nitrogen, 
phosphate and nitrogen has taken place extensively since the 1970s and with over 
7000 sites monitored in 2006.  Therefore, the expertise, network and assessment 
methodology for these elements was already established making them easier to 
monitor.  
There is also evidence of low use of biological monitoring within the operational 
monitoring network of England and Wales (Table 4.2).  The low use of biological 
elements in England and Wales is particularly concerning as benthic algae and 
phytoplankton are indicators of eutrophication, macrophytes and fish indicators of 
morphology pressures, and benthic invertebrates indicators of organic pollution 
(European Commission, 2009).  Currently only 27% of water bodies within England 
and Wales achieve good ecological status, and with all RBMPs in England and 
Wales indentifying diffuse pollution from agriculture, point sources pollution from 
water industry and physical modifications as significant problems in their catchments 
(EA, 2009), these elements should be central in ascertaining the causes of the 
failure to achieve good ecological status. 
Under investigative monitoring there will be an additional 3435 biological 
assessments (Environment Agency, 2011c).  The majority of these will be to confirm 
the reasons for failure to achieve the WFD’s objectives. This shows that the value of 
biological assessment is recognised and that there is confidence in the assessments 
to identify the reasons of failures. However, the greatest number of investigations to 
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confirm failure and to confirm the reasons for failure will use surface water quality 
assessments. Whilst surface water quality assessments are likely to be required in a 
supporting role to confirm reasons for failing, the Directive states that quality 
elements other than the biological elements should only be used in a supporting role 
to understand the causes of failures.  Therefore, surface water quality assessments 
to confirm failure should not be being used in place of biological assessments.   
The comparison of the monitoring of different biological quality elements shows that 
there are distinct preferences for some biological elements.  Invertebrates and fish 
are monitored at a considerably higher frequency than macrophytes and diatoms 
across England and Wales (Table 4.2).  This is not surprising as those that are 
monitored at higher frequencies have a longer history of being monitored.  For 
example, invertebrates have been monitored in England and Wales since the 1980s 
by the GQA and were monitored at 6100 sites in 2000.  Currently invertebrates are 
being monitored in 41.9% of the water bodies.  Similarly fish are currently monitored 
in 35.34% of water bodies. Fish have been monitored since 1994 under the FIS and 
with a more comprehensive national network developed in 2001 designed to cover 
7625 sites.  The monitoring schemes developed for these quality elements were 
based on the monitoring programmes used prior to the implementation of the WFD 
(UKTAG, 2008a; b).  Macrophytes were monitored prior to the implementation of the 
WFD but the scheme was not used for the development of the current monitoring 
system (UKTAG, 2008c).  Monitoring of diatoms was developed especially for the 
WFD as no scheme was used in England and Wales prior to this (UKTAG, 2008d).  
This is reflected in the percentage of water bodies monitored for these elements with 
4.49% monitored for macrophytes and 7.85% for diatoms.  Similarly, chemical quality 
elements such as dissolved oxygen and ammoniacal nitrogen, which were monitored 
under the GQA, are currently monitored in 59.23% and 59.29% of water bodies 
respectively, whilst the newly included priority substances are only monitored at 
8.07% of water bodies (Table 4.2).  The importance of historical trends should not be 
overlooked as these can provide valuable information regarding the aquatic 
environment.  However, continued adaptation of the current monitoring network in 
England and Wales, in order to include more biological assessments, may be 
required in order to fulfil the Directive’s objectives more fully.  
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The EA acknowledged that lack of experience and the timescale of implementation 
for the WFD have resulted in biological monitoring not being conducted for all 
relevant water bodies (Environment Agency, 2009a; b). The lack of experience in 
monitoring new biological elements may have resulted in lower monitoring 
frequencies due to lack of expertise in the assessment process, lack of knowledge 
and confidence in the links between the assessments and pressures, and other 
practicalities associated with a short time scale of implementing new monitoring 
programmes.   
Across Europe a similar trend in the use of biological assessments can be seen, with 
macro-invertebrates being the most monitored biological element in the majority of 
States.  Again this is likely to be due to the monitoring of macro-invertebrates having 
a long history, with a number of assessment methods established prior to the WFD 
(Woodiwiss, 1964; Pauw and Vanhooren, 1983; Gabriels et al., 2010) and the value 
of using macro-invertebrates in water quality assessments being well understood 
(Reynoldson and Metcalfe-Smith, 1992). Similarly to England and Wales this 
resulted in many Member States having sampling plans in place that only required 
modifying to incorporate new concepts of the WFD (Gabriels et al., 2010; UKTAG, 
2008d).  Additionally, expertise and trained personnel were also in place to assist 
with monitoring and there was confidence in the identification of the pressures they 
described (Gabriels et al., 2010). Similarly to England and Wales, diatoms are the 
least monitored biological element in 9 out 20 Member States and are the third least 
monitored biological element in an additional 8 Member States. Despite the 
advantages of using diatoms in water quality monitoring being recognised for a 
relatively long time (Whitton and Kelly, 1995), water management agencies in 
Europe had only given diatoms a relatively minor role in monitoring programmes 
prior to the WFD (Kelly et al., 1995). This suggests that other Member States may 
have also found the relatively short timescale to develop and implement assessment 
methods a challenge.   
Ahead of the second RBMPs being published more will need to be done to address 
the imbalance in biological monitoring as the process of adapting monitoring 
networks for the WFD is clearly not complete in England and Wales. However, 
simply increasing the percentage of water bodies that are monitored for biological 
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elements may not be the answer. Instead there needs to be further research into the 
relationships between the quality elements and pressures so that resources can be 
strategically applied to maximise our understanding of the aquatic environment.  
Now that the first set of data for the WFD has been compiled and used for the first 
planning cycle this research can be performed so that improvements can take place 
in time for subsequent planning cycles.  Hering et al. (2010) and Brack et al. (2009) 
also identified that before the second cycle of the RBMPs more research is required 
to understand the relationships between stressors and biotic responses in order to 
optimise the use of data currently being collected for the WFD.   
The third newly introduced concept is that monitoring should be targeted and cost 
effective, necessitating the introduction of three separate types of monitoring.  
However, across Europe there is large variation in the ratio of surveillance 
monitoring sites to operational ones.  Whilst some difference may be due to the 
variation of conditions in each member state, the extent of these variations highlights 
differences in the understanding of the monitoring requirements across the EU states 
(European Commission, 2009).  The clear differentiation in the UK indicates that the 
principles requiring distinct monitoring types has been understood. The UK has 
exceeded the benchmark set by the European Commission for the number of water 
bodies included in surveillance monitoring.  This is still a great deal less than some 
countries, including Estonia, Romania and Slovakia, who have included 100% of 
lakes in surveillance monitoring (European Commission, 2009).  This may be 
because some Member States who had little monitoring in place prior to the WFD 
are demonstrating a commitment to monitoring.  However, it also highlights the 
differences in the approach to monitoring taken across Europe.   
The UK has the highest number of operational monitoring sites of all Member States.  
This monitoring effort has been acknowledged by the European Commission 
(European Commission, 2009).  This may reflect the fact that the practice of 
monitoring aquatic environments, particularly rivers, was well established in the UK 
prior to the adoption of the WFD.  It may also reflect the fact that the EA has 
predicted a large number of water bodies in England and Wales are at risk of failing 
the WFD’s objectives.   
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Despite the large number of operational monitoring sites, only 58% of water bodies 
at risk of failing the Directive’s objectives are included in operational monitoring 
programmes.  Across Europe there is large variation in the percentage of water 
bodies judged to be at risk that are included in operational monitoring, with only four 
countries monitoring over 60% and some countries monitor as little as 10% of water 
bodies judged to be at risk (European Commission, 2009).  As operational 
monitoring is only required in water bodies at risk and the result inferred for 
comparable water bodies, this disparity may in part be due to heterogeneity in river 
basin characteristics and pressures in differing Member States.  However, it can also 
be seen as highlighting Member States’ differences in interpretation of the monitoring 
requirements of the WFD. 
There are a number of factors that can influence monitoring effort in terms of how 
many and how often locations are included in the operational monitoring network.  
The use of a risk based approach to operational monitoring, although innovative and 
cost effective, relies on expert judgement and interpretation which can greatly 
influence the scale of monitoring programmes in Member States, as does the 
grouping of water bodies that share the same characteristics and inferring monitoring 
results.  The monitoring effort will also be influenced by Member States acceptance 
of levels of risk of miscalculation and their judgement of the balance between 
reliability of results and cost effectiveness.   
In England and Wales there is a lack of information regarding the risk assessment of 
water bodies failing the WFD’s objectives.  This makes it difficult to assess whether 
the percentage of water bodies included in the operational network is sufficient.  It is 
also difficult to know whether surveillance monitoring is being used to inform the 
design of operational monitoring. The report on monitoring programmes (European 
Commission, 2009) stated that, similarly, little information throughout Europe has 
been provided by Member States on the levels of confidence and precision of the 
overall monitoring programmes.  Although these procedures may be being followed 
both in England and Wales and across Europe as a whole, transparency regarding 
them is important.  This is because providing information on how the monitoring 
network at the water body level has been designed would allow stakeholders to 
judge whether the monitoring effort is both cost effective and strategically sound.  
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Convincing stakeholders of this could potentially be important in improving 
confidence in the decision making process and in the programme of measures 
themselves.  Informing stakeholders and involving them in the design of monitoring 
networks through the liaison panels could be one way to do this.  Additionally the 
RBMPs should provide more in depth information on monitoring and decision at a 
water body level.   
Despite the high numbers of monitoring sites within England and Wales a further 
48% of water bodies that are at risk are not included in the current monitoring 
network (European Commission, 2009).  In 1999 it was estimated that monitoring of 
UK rivers cost £32 million per year and that under the WFD a further £4.9 million 
would be required, with £6.4 million required to set up a lake monitoring scheme 
(DETR, 1999; Kallis and Butler, 2001). As it is unlikely that further resources will be 
available for extending the monitoring network in the future, there is a need to check 
the efficiencies of the monitoring networks and risk assessments in order to optimise 
this use of resources. Reviews should focus on the selection of monitoring sites and 
the quality elements to monitor at operational and investigative monitoring sites. This 
will also be necessary as cost effectiveness and targeted monitoring are key 
principles of the WFD.   
The fourth new concept that the WFD introduces is the use of ecological targets 
based on minimal anthropogenic impacts. Although the SWALP recognised the 
environment’s need for water to maintain function (Logan, 2002), it assessed the 
threat to current ecology and did not seek further improvement of the ecological 
status.  The GQA did set the objective of reducing the number of rivers in the lower 
classes.  However, these were only based on a few measured components. With the 
use of a wider range of measured components and reference conditions for different 
water body types based on minimal anthropogenic impacts, the WFD provides a 
more detailed and stringent target for improvements required.  In order to meet these 
targets it is clear that monitoring data is expected to play an important role in the 
diagnosis of the reasons for failures and the identification of measures to protect and 
enhance ecological status, thereby providing an evidence base for decision making 
(Irvine, 2004; European Commission, 2009).   
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The need for evidence in policy making has been widely acknowledged by the UK 
government (The Cabinet Office, 1999, 2001; Office for Science, 2010; Shaxson, 
2005).  The need to use monitoring data in decision making specifically has been 
acknowledged by Defra who state that evidence based policy will result in better 
policy and that all policy decisions must be based on a sound and comprehensive 
understanding of evidence (Defra, 2006a).  However, in the guidance documents 
produced by Defra on river basin planning, guidance on the process of deciding 
programmes of measures is not provided, neither is the need for sound evidence 
based policy mentioned (Defra, 2006b).  In Annex C of the RBMPs the programmes 
of measures are listed.  However, there is no mention of monitoring data and how 
decisions were reached is unclear.  Hering et al.  (2010) found that similarly 
throughout Europe the link between designated ecological status and proposed 
restoration measures is obscure in many plans.  Use of monitoring data in decision 
making is not only an efficient use of resources but will allow more reliable and 
transparent decisions to be made.  
Finally, the role of public participation in the implementation on the WFD has been 
seen as innovative and requiring a re-defining of the role of regulators, towards a 
view that their role is primarily concerned with initiating, facilitating and forming 
partnerships (Gouldson et al., 2008; Howarth, 2009).  There is also a need to shift 
away from centrally, state devised policy to more complex multi–level governance 
(Howarth, 2009). Although a number of studies have investigated the formal 
inclusion of stakeholder opinions in decision making (Foxon, 2002; Giupponi, 2007; 
Alvarez Guerra, 2009; Alvarez-Guerra et al., 2010) this has not been done on a 
national scale as yet.  Prior to the implementation of the WFD, the EA made the 
results of monitoring available to the public.  However, it did not explain these in 
depth so that decisions could be made based on them.  Howarth (2009) also found 
that in England and Wales debate is at a too technical level, placing the debate 
regarding issues of implementation outside the reach of most people.  If there is to 
be public participation and the facilitation of stakeholders in the planning process 
then there needs to be greater informed debate and more education regarding water 
and related environmental issues (Woods, 2008).   
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Many stakeholders have been engaged in the production of the RBMPs 
(Environment Agency, 2009a; b; c; d; e; f; g; h; i; j).  Liaison panels of stakeholders 
have been set up to facilitate the implementation of the WFD and it is clear that 
these have been employed for information supply and consultation.  However, it is 
more difficult to see where decisions have in fact been made in partnership or how 
data has been supplied to stakeholders.  Howarth (2010) and Woods (2008) found 
that public participation still followed traditional methods of ‘consultation’, for example 
centralised policy making, reliance on state action, engagement of stakeholders at a 
geographic scale that the public may find hard to relate to, and lack of public 
education (Woods, 2008).  Woods (2008) and Howarth (2010) both suggested that 
this method was not necessarily the best method for facilitating public participation or 
ensuring environmental improvements, and the WFD provides a good opportunity to 
improve this.    
Many have identified that if river basin management is to be sustainable and 
effective, actors at each level must become engaged in a social learning process 
(Pahl Wostl, 2002; Pahl-Wostl, 2007; Ison, 2007).  Co-production and sharing of 
knowledge are therefore needed in order for both scientific knowledge and 
stakeholder knowledge to be incorporated into policy (Surridge and Harris, 2007).  
This will lead to greater stakeholder confidence and better outcomes being reached. 
The recognition of the need for local involvement in catchment management by the 
Government’s catchment based approach is therefore welcomed. However, this 
needs to ensure that stakeholders are well informed and can actively contribute to 
problem solving.  The recent implementation of demonstration test catchments as a 
joint programme of the EA, Defra and The Welsh Assembly Government will aim to 
investigate ways in which new models for catchment management can be centred 
around local knowledge and understanding (Harris, 2011).  The outcomes from this 
project will hopefully be used to develop information sharing and joint decision 
making processes across England and Wales.  
In addition to the need to review information provision and transparency, the other 
highlighted issues associated with the transition for the WFD need to be addressed if 
the challenge of the Directive is to be met.  These challenges are a result of the 
implementation of the WFD representing such a different approach compared to 
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previous approaches to water management in England and Wales.  However, a full 
move to an integrated catchment management approach would address these 
issues.  Thus the focus the government has recently given to catchment based 
management is welcomed and it is hoped that best practice examples can be shared 
across the country so that the planning phases of subsequent cycle of the WFD can 
be improved.   
4.5 Conclusions 
The shift of water management towards the principles of IWRM, as required under 
the WFD, has changed the objectives of the monitoring of surface water bodies 
significantly.  This is especially apparent in England and Wales but will also be the 
case in other countries, where monitoring has previously been established under 
more traditional approaches to water management which primarily focus on the 
monitoring and regulation of point sources of pollution.   
This paper has demonstrated that monitoring within England and Wales is in a 
transitional phase towards encompassing the principles introduced by the WFD.  
Evaluation of monitoring networks suggests historical preferences in the selection of 
monitoring elements.  The low use of biological elements in monitoring networks, 
especially those elements which have little history of being monitored in England and 
Wales, is of concern.  Not only is this because low use of biological monitoring will 
reduce our understanding of the aquatic environment but also because it suggests 
that monitoring is still reliant on previous networks used to assess water quality.  
More research is needed to into the relationships between the quality elements and 
pressures so that resources can be strategically applied and maximise our 
understanding of the aquatic environment.  Research of this type would help to 
identify which elements are best to use, which are the most indicative of different 
pressures and how data can be inferred for other water bodies.  Such research is 
also required so that monitoring is carried out in the most efficient and strategic way, 
ensuring that monitoring networks are cost effective and viable long term.  This is 
especially required in England and Wales as only 58% of water bodies identified as 
at risk are currently being monitored, yet England and Wales are already monitoring 
more than any other Member State in Europe.  Now that the first set of data for the 
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WFD has been complied and used for the first planning cycle this can be done so 
that improvements can take place in time for subsequent planning cycles. 
This paper has demonstrated that the way data is used within the decision making 
process also requires improvement.  It has been widely acknowledged that the WFD 
requires decisions to be based on evidence gained through monitoring.  However, 
the current RBMPs do not demonstrate this well.  Either the communication of this 
needs to improved or there needs to be more done to ensure monitoring data is used 
throughout the decision making process and not just for classification.  
Research into monitoring data sets could aid the improvement of confidence in the 
data collected as our understanding of what it tells us about the environment is 
improved.  Increased confidence will encourage data from monitoring to be more 
widely used in the decision making process.  Once confidence in data improves 
frameworks which encourage data from monitoring to be used throughout the 
decision making process and not just for the classification of water bodies can be 
established. This will ensuring that the value of monitoring is optimised and allow 
more evidence based decisions at the water body level to be made.  It is essential 
that in such frameworks stakeholders are actively involved so that decisions can be 
made in partnership.  Improving active involvement is required not only because the 
Directive encourages it but also because through it better and more robust decisions 
will be reached.  Due to this, there needs to be better sharing of data with 
stakeholders, in ways that are easily accessible and understandable, so that those 
who are interested can take part in the decision making process in an informed 
manner.   
The subsequent chapters of this thesis will go on to investigate the challenges 
presented here.  The first of these will consider the role of ecological monitoring in 
integrated water management further, specifically investigating the design of 
monitoring networks which provide ecological data.   
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5 THE DESIGN OF ECOLOGICAL ASSESSMENTS OF SURFACE 
WATER BODIES: A CASE STUDY FROM AN ENGLISH RIVER 
BASIN DISTRICT 
5.1 Introduction 
The previous chapter highlighted that the introduction of the Water Framework 
Directive (WFD) and a move towards a more integrated approach to water 
management poses a number of challenges for the monitoring of surface water 
bodies.  One of the most significant of these is the requirement for ecological 
assessments that include biological monitoring.  The previous chapter suggested 
that England and Wales, along with other Member States, are still in a transition 
towards developing monitoring networks that fully encompass ecological 
assessments.  Therefore, this chapter explores the design requirements of 
ecological monitoring in more depth and uses a case study to investigate current 
sampling regimes.  
If degradation of freshwater ecosystems is to be prevented and existing damage 
reversed, there is a need for an integrated approach to water quality assessments 
(Yoder and Rankin, 1998; Chovanec et al., 2000; Solimini et al., 2009).  These 
should enable the impact humans have on the whole ecosystem to be identified, so 
that management of water bodies can be achieved in a holistic way, avoiding 
unintentional consequences which can result if only single parameters are 
monitored.   
As living elements are likely to respond to all pressures within the ecosystem (Karr, 
1999), assessments of aquatic biota provide an essential component of integrative 
measures of the quality of fresh and marine water (Metcalfe, 1989; Sweeting, 2001; 
Logan and Furse, 2002).  They are therefore integral to water qualtiy assessments 
and should be used to supplement the chemical and toxicological approaches that 
have a longer history of being monitored (Yoder and Rankin, 1998).  The 
assessments of aquatic biota offer a number of additional advantages over other 
assessments.  These include providing a longer term assessment than chemical, 
which is instantaneous in its nature (Pauw and Vanhooren, 1983), detecting changes 
at a range of pollution levels and identifying diffuse pollution (Chutter, 1972). 
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Furthermore, biological indicators have become more important as the focus of 
environmental protection has moved away from the management of point sources of 
pollution to the broader concept of ecosystem protection, which recognises that 
focusing on chemical pollution alone will not restore aquatic ecosystems (Chovanec 
et al., 2000).   
As discussed in Chapters 2 and 4 the importance of ecological assessments and the 
role of biota within them, to enable the protection and restoration of water bodies 
have also been recognised in the European Union’s WFD (European Commission, 
2000).  Similarly the benefits of the using aquatic biota in the monitoring of water 
quality have also been recognised in The Australia and New Zealand guidelines for 
fresh and marine water quality. This states that biological indicators are continuous 
monitors of water quality and integrate the effects of past and present exposure to 
contaminants or pressures.  The protection of biological or ecological integrity is also 
a core principle of the US Clean Water Act and Canada’s National Park Act (Karr, 
1999).  Therefore the monitoring of aquatic biota is required in order to safeguard 
this (Yoder and Rankin, 1998).   
As it provides the basis on which aquatic biota are assessed sampling and the 
design of monitoring networks are fundamental to ecological assessments (Birk et 
al., 2012). Recognising that it is not possible to monitor the entire ecological 
community, certain sectors of ecosystems or indicator groups of biota have to be 
selected to monitor the quality of surface waters (Metcalfe, 1989; Carigan and 
Villard, 2002).  The selection of which elements to include is critical in monitoring 
design (Noss, et al., 1997).  Furthermore, the design of monitoring networks should 
be based on an understanding of the processes that determine the integrity of the 
ecosystem.  This has been identified as being essential in determining the key 
considerations in the design of monitoring networks, such as what to monitor (Lovett 
et al., 2007).  It also helps to focus the objectives of monitoring networks to ensure 
they are relevant and provide information that is useful to the management of the 
ecosystem (Lindenmayer and Likens, 2010) 
Under the WFD most Member States (MSs) implemented monitoring programmes in 
2006, with biological assessments designed prior to this.  This has led to 
improvements in biological assessments throughout Europe and an increase in the 
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quantity and quality of data regarding the aquatic environment being produced 
(Hering, 2010).  However, as demonstrated in Chapter 4 the need for ecological 
assessments was a new approach in a number of MSs. This has been a challenge, 
with some considered still to be in transition towards integrated assessments of 
water quality.  
The first River Basin Management Plans (RBMPs) were published in 2009 with these 
due to be updated in 2015.  It is therefore now timely to review the monitoring 
networks which provide ecological assessments of water bodies, so that these can 
be updated and improved in time for the second river basin planning process. This 
chapter first considers the role of ecological assessments within the WFD and the 
rationale behind this.  A River Basin District (RBD) in England is then used as a case 
study to investigate the design of monitoring networks which deliver ecological 
assessments.   
5.2 Ecological assessments under the Water Framework Directive  
The WFD requires that all water bodies within the European Union achieve good 
status by 2015.  This has been extended to 2021 or 2027 where exceptions such as 
infeasibility of restoration timescales and disproportionately high cost apply.  Good 
status is defined as quality elements that deviate only slightly from identified 
undisturbed conditions (European Commission, 2000); therefore the WFD also 
requires reference conditions to be used in the design of ecological assessments.  
Furthermore, a classification system that reflects changes in the structure and 
functioning of ecosystems caused by anthropological pressures is also required.  
The results of this classification system are reported as Ecological Quality Ratios 
(EQRs), representing the degree of deviation from reference conditions.  Within the 
WFD five classes exist: high status (no differences to reference conditions), good 
status (slight differences), moderate status (moderate differences), poor and bad 
status (major differences) (Birk et al., 2012) (Table 2.1).   
The concept of comparing current conditions to natural conditions present in the 
absence of human disturbance is used in most biological and ecological 
assessments of water quality (Stoddard et al., 2006).  Central to this concept is the 
fact that anthropogenic activities alter the physical and chemical environment, 
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thereby impairing the condition of the biota and degrading the functioning of a given 
aquatic ecosystem (Solimini et al., 2009).  Therefore, by measuring the deviation of 
biological parameters from pre-defined values, it should be possible to assess the 
quality of functioning of a given ecosystem (Solimini et al., 2009).  Many nations 
have codified this concept in legislation protecting and improving water bodies 
(Stoddard et al., 2006). For example, in 1994 The Council of Australian 
Governments agreed the Water Reform Framework for Australia (ANZECC and 
ARMCANZ, 2000).  The environmental components of this are supported by The 
National River Health Program  (Stoddard et al., 2006) which aims for good river 
health, defined conditions in a river that that are similar to an un-impacted river of the 
same type in its natural state (Environment Australia, 2001).  A similar approach, 
using reference conditions, has also been used in South African (Roux, 2001). 
Under the WFD, the quality elements required to be assessed for the ecological 
status of surface waters include biological elements (comprising of assessments of 
invertebrates, fish, macrophytes and phytobenthos), hydrological elements (including 
river continuity and river flow), specific chemicals that a MS has identified as being 
discharged in significant quantities and physico-chemical elements (including 
temperature, oxygenation and nutrient levels (Figure 2.2).   
Due to the importance biological elements have in determining ecological health or 
integrity, the WFD prescribes that biological elements are prioritised over other 
elements and that other elements can only be used in a supporting role (European 
Commission, 2003).  This has created a classification process whereby if biological 
elements deviate more than slightly from reference conditions then water bodies are 
classified as worse than good status, regardless of the status of other quality 
elements (Figure 2.3).  Hydromorphological elements are only required to be 
assessed for the water bodies whose biological status is better than good (Figure 
2.3).  This, therefore, mandates the monitoring of certain elements over others.  The 
Directive requires that the overall ecological status of a water body is determined by 
the results for the biological or physicochemical quality element with the worst class 
(i.e. the quality element worst affected by human activity). This is known as the one 
out-all out principle (European Commission, 2000). 
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In order to ensure that data is representative of the environment it monitors, spatial 
and temporal variations in the elements monitored must be considered (Fernandes 
et al., 2001), with environmental heterogeneity determining the optimal number of 
sites to monitor, the number of replicates and the frequency of collection (Maher et 
al., 1994).  Although the WFD does not make stipulations regarding the number of 
monitoring sites required, guidance on monitoring for the WFD states that there 
should be adequate confidence in monitoring, so that decisions regarding the 
management of water bodies can be based on the results (European Commission, 
2003).   
As discussed in the previous chapter, due to the number of objectives that 
monitoring is expected to fulfil under the WFD, and in recognition of the need to keep 
monitoring networks focused, three distinct types of monitoring are required to be 
instigated. This reflects the need for different approaches to the design of monitoring 
networks being required to fulfil different objectives (Keith, 1990). The first of the 
monitoring networks is required for surveillance monitoring; this is to investigate the 
overall water body status within a catchment or sub-catchment.  At surveillance 
monitoring sites, all quality elements are expected to be monitored with the findings 
then used to inform the design of other monitoring networks (European Commission, 
2003).  Therefore, these sites act as a form of exploratory monitoring with the 
chosen sites required to be representative of the catchment or sub-catchment.  
The second type of monitoring required under the WFD is operational monitoring.  
This is required to assess the status of water bodies that are identified as at risk of 
failing the Directive’s objectives.  Therefore, this type of monitoring is required to 
make assessments of the WFD’s goals. Under monitoring mandated by legislation, 
similar types of monitoring are often required.  The risk based approach required for 
operational monitoring under the WFD provides the basis for the judgemental 
approach to the design of the network.  The final monitoring network, investigative 
monitoring, is required where the reasons for failure are unknown (Collins et al., 
2012).   
An understanding of the processes that determine the integrity of the ecosystem has 
been identified as  being essential in determining the key considerations in the 
design of monitoring networks, such as what to monitor (Lovett et al., 2007).  This 
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also helps to focus the objectives of monitoring networks to ensure they are relevant 
and provide information that is useful to the management of the ecosystem 
(Lindenmayer and Likens, 2010).  The WFD recognises this by requiring that MSs 
identify the pressures likely to be affecting water bodies and monitoring the elements 
that reflect this (European Commission, 2003).   
Despite the objectives for the networks being set by the Directive, MSs are permitted 
to decide upon the number of water bodies to include in their monitoring networks 
(EC, 2003).  Furthermore, due to the need to monitor only those elements judged to 
be at risk of failing the WFD’s objectives, the types of elements selected for 
operational monitoring is also at the MSs’ discretion.  However, these decisions will 
be essential to ensure that monitoring programs fulfil their objectives.  This chapter 
uses data collected from the Anglian RBD between 2006 and 2010 to investigate the 
design of monitoring networks which aim to provide an integrated assessment of 
ecological status.   
5.3 Materials and methods  
The Anglian RBD covers 27,890 km2 in the East of England with 5.2 million people 
living and working in a number of small to medium towns and cities in the area.  
Land use is predominately rural with more than 50% used for agriculture and 
horticulture.  In 2009 only 18% of water bodies achieved good status (Environment 
Agency, 2009a), highlighting the challenge that achieving the WFD’s objectives is 
having in the RBD. 
Data collected between 2006 and 2010 for WFD assessments of biological, physico-
chemical and specific pollutants, was investigated. Data regarding fish was collected 
and assessed using the Fisheries Classification Scheme 2 (FCS2) (UK TAG, 2008a), 
Invertebrates were assessed with the River Invertebrate Classification Tools (RICT) 
(UK TAG, 2008b).  Macrophytes were assessed using LEAFPACS (UK TAG, 
2008c).  Phytobenthos assessments were carried out using the Diatoms Assessment 
for River Ecological Status (DARES) method (UK TAG 2008d).  Physico-chemical 
data was collected and assessed in line with UK environmental standards and 
conditions (UK TAG, 2008e).  Specific pollutants were also assessed in line with 
environmental quality standards (UK TAG, 2007). 
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Different aspects in the design of monitoring networks for ecological assessments of 
surface water bodies were investigated. These were: 
 Types of elements monitored: investigated by calculating the number 
and types of elements used in classifications, number of elements 
monitored in surveillance monitoring networks and the percentage of 
water bodies at good status for each number of elements monitored 
 Failing elements: total number of water bodies that failed for each 
number of elements was calculated, number of water bodies failing to 
achieve good status for the different categories of elements was also 
calculated along with the percentage of times failing to times monitored 
 Relationship among failing elements: classifications of biological 
elements were compared and the number of times an element was at 
the same classification, a better classification or worse classification to 
another was recorded.  The lowest classified element (i.e. the one 
driving the classification) was identified for each water body along with 
elements that were also failing.   These were then summed for each 
element.  The different combinations of elements failing to achieve 
good status were also identified and the number of times the 
combination occurred exactly or with other failing elements calculated 
5.4 Results  
5.4.1 Elements monitored 
The analysis of ecological monitoring in the Anglian RBD shows that 426 water 
bodies are monitored for 1 or more ecological element(s) under the WFD; this 
equates to 49.2% of all water bodies in the Anglian RBMD.  Of the water bodies 
monitored within the Anglian RBMD the largest proportion is monitored for one 
element (28.5%). The number of water bodies monitored for 2 elements equates to 
5.8% of all water bodies monitored, with the percentage of water bodies monitored 
for 3, 4 and 5 elements all under 1% of all monitored water bodies.  The number of 
elements water bodies are monitored for then progressively increases to a small 
peak at 11 elements monitored, this equates to 10.5% of water bodies monitored. A 
small number of water bodies are monitored for greater than 15 elements (9.3% of 
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water bodies monitored), with some monitored for as many as 48 elements (0.46% 
of all water bodies monitored).  These water bodies tend to be monitored for all 
biological and physico-chemical elements, along with priority substances and 
specific pollutants.  
Figure 5.1: The number of elements water bodies are monitored for in the Anglian 
RBD 
The number of elements that are monitored in surveillance water bodies varies from 
1 to 48 (Figure 5.2).   
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Figure 5.2: The number of elements monitored in the water bodies included in the 
Anglian RBMD’s surveillance monitoring network 
Of the sixteen water bodies that are monitored for over 30 elements in the Anglian 
RBMD, only half are included in surveillance monitoring.  The remaining 8 are 
monitored as part of operational monitoring and therefore anticipated to be at risk of 
failing to achieve the WFD’s objectives for over 30 elements.   
The most frequently monitored element in the RBMD is fish, monitored 296 times.  
After this all of the physico-chemical elements are monitored the most frequently, 
ranging from 250 to 270 times (Table 5.1).  
85 
 
Table 5.1: The frequency of monitored elements within the Anglian RBMD 
Biological quality elements Physico-chemical elements Specific Pollutants 
Element Number of 
water 
bodies 
monitored 
Element Number of 
water 
bodies 
monitored 
Pollutant Number of 
water 
bodies 
monitored 
Fish 296 Ammonia  265 2,4-D  4 
Invertebrates 204 BO 250 2,4-
Dichlorophenol  
2 
Macrophytes 31 DO 255 Ammonia  0 
Phytobenthos 94 pH lower 260 Arsenic  27 
  Phosphate 269 Chlorine 0 
pH upper 260 Chromium 0 
Temperature 270 Copper  175 
    Cyanide  1 
    Cypermethrin 0 
    Diazinon 3 
    Dimethoate 4 
    Iron  101 
    Linuron  4 
    Mecoprop  12 
    Permethrin 1 
    Phenol  3 
    Toluene  2 
    Zinc  182 
The analysis of the number of elements that different classes of water bodies are 
monitored for shows that water bodies that are classified at high status are only 
monitored for 1 or 2 elements (Figure 5.3). The number of elements monitored is 
significantly different between each classification of status (n=427, df=33, p<0.01).  
There is a rough trend of increasing range in the number of elements monitored as 
the classification of water body worsens, i.e. moderate class monitored between 1-
23 and poor and bad monitored between 1-48 and 1-40 respectively.   
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Figure 5.3: The number of elements monitored for different classifications of 
ecological status (1=high, 2=good, 3=moderate, 4=poor, 5=bad) 
5.4.2 Elements failing  
Within the Anglian RBMD, the highest number of water bodies failing to achieve 
good status do so for one element alone, corresponding to 152 water bodies (Figure 
5.4). However, out of these 152 water bodies failing for only one element, 80 of them 
are only monitored for one element, the same number of elements as they are failing 
for.  The numbers of elements water bodies are failing for decreases from 150 failing 
for 1 element to just 1 water body failing for 8 elements.  Only 8% of water bodies 
failing for 2 elements are monitored for the same number of elements failing.  None 
of the water bodies that fail for greater than 2 elements are monitored for the same 
number of elements that they are failing for.   
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Figure 5.4: The number of water bodies failing for different numbers of elements 
When the number of water bodies that are failing for the same number of elements 
they are monitored for are removed from analysis, the categories of elements 
monitored showed much more similar numbers of elements failing, with 72, 68 and 
62 water bodies failing for 1, 2 and 3 elements respectively. The number of water 
bodies failing for more than 4 elements drops to 36, with the numbers dropping 
progressively to 1 water body failing for 8 elements (Figure 5.5).   
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Figure 5.5: The number of water bodies failing for different numbers of elements 
when those water bodies that are monitored for the same number of elements that 
they are failing for are removed.  
Over 80% of water bodies (348) monitored for one or more ecological element fail to 
achieve good status (Figure 5.6).  Of these, 281 water bodies fail for biological 
elements; this equates to 75% of water bodies monitored.  The biological element 
with the largest number of water bodies failing to achieve good status is fish, with 
225 water bodies failing for this element; this equates to 76% of water bodies 
monitored for this element and 25.9% of all water bodies within the Anglian RBMD. 
Despite the large number of water bodies failing for fish (Table 5.2), both 
phytobenthos and macrophytes have a larger proportion of the water bodies that are 
monitored failing, with 90% (28 water bodies) and 98% (92 water bodies) 
respectively.  Invertebrates fail for the least number of water bodies (73) and have 
the lowest proportion of monitored water bodies failing (36%).  
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Figure 5.6: The number of times monitored and number of failures along with the 
ratio of failures to times monitored for each component of status classification in the 
Anglian RBD 
Eighty two per cent of water bodies monitored for physico-chemical elements fail to 
achieve good status (227 water bodies) (Figure 5.6).  As the physico-chemical 
elements are monitored  for a similar number of water bodies, there is not the 
difference in the number of water bodies failing and the proportion of monitored 
water bodies that fail as there is for biological elements.  The element that fails in the 
most water bodies and has the highest proportion of monitored water bodies that fail 
is phosphate, with 203 water bodies failing, equating to 76% of water bodies 
monitored failing and 23.4% of all water bodies in the Anglian RBD (Table 5.2).  The 
second element that fails in the most water bodies is dissolved oxygen with 34% (86 
water bodies), followed by ammonia, which fails in 14% (36 water bodies) of the 
water bodies monitored, and biological oxygen demand, which fails in 10% of water 
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bodies (24 water bodies). Temperature and pH lower and pH upper elements fail in 
less than 1% of the water bodes they are monitored in.   
Less than 1% of the water bodies monitored for specific pollutants are failing to 
achieve good status, this equates to 2 water bodies.   
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Table 5.2: the times monitored and times failing for different ecological status elements and the corresponding percentage of all 
water bodies within the Anglian RBD 
Quality element Times 
monitored 
Percentage of 
all water bodies 
monitored  in 
the Anglian 
RBMD 
Percentage of 
all water bodies 
in the Anglian 
RBMD 
Times failing  Percentage of all 
water bodies 
monitored failing  
Percentage of all 
water bodies in the 
Anglian RBMD that 
are failing  
Biological       
Fish  296 69.2 34.1 225 52.6 25.9 
Invertebrates 204 47.7 23.5 73 17.1 1.97 
Macrophytes 31 7.24 3.57 28 6.54 3.2 
Phytobenthos 94 22.0 10.8 92 21.5 10.6 
Physico-chemical       
Ammonia  265 62.0 30.6 36 8.41 4.15 
BO 250 58.4 28.8 24 5.60 9.91 
DO 255 59.6 29.4 86 20.1 29.4 
pH lower 260 60.7 30.0 1 0.23 0.11 
Phosphate 269 62.9 31.0 203 47.4 23.4 
pH upper 260 60.7 30.0 1 0.23 0.11 
Temperature 270 63.1 31.1 2 0.57 0.23 
Specific pollutants  211 49.3 24.3 2 0.57 0.23 
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5.4.3 Relationship among failing elements  
This analysis has demonstrated that the combinations of biological elements that fail 
in the greatest number of water bodies are fish and phytobenthos, fish and 
macrophytes, and macrophytes and phytobenthos. These elements jointly fail in over 
80% of the water bodies where they are monitored together. In all the instances 
where the assessments of invertebrates were compared with the other biological 
elements, under 45% of water bodies monitored were found to be jointly failing 
(Figure 5.7). In the instances that phytobenthos and fish are monitored together, all 
are at the same or a lower classification for phytobenthos. In 95% of the instances 
where macrophytes and fish are monitored together, macrophytes are at a same or a 
lower classification.    
 
Figure 5.7: The percentages of times monitored that fail for both elements, the first 
element listed on the axis, or the second element listed 
This analysis identified 137 different combinations of failures in 348 water bodies.  
The majority of the different combinations occur infrequently with 103 of the different 
combinations occurring just once and 11 occurring twice. Of the remaining 
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combinations of failures the most frequently observed is the single failure of fish, 
occurring 96 times, equating to 65% of the times it is monitored (Figure 5.8, Table 
5.3). This therefore may justify the large number of water bodies that fish are 
monitored in throughout the RBMD.  Phosphate and phytobenthos are also the 
lowest classified elements in more water bodies than they are supplementary 
elements (Figure 5.8), being the lowest classified element in over 40% of the water 
bodies they are monitored in (Table 5.3).  The failure of fish as the lowest classified 
element with phosphate failing as a supplementary element is the third most 
frequently observed combination of failures, occurring in 13 water bodies (Table 5.3). 
This is in contrast to macrophytes which, when all other quality elements are 
considered, are supplementary failures in over 60% of the water bodies that they are 
monitored in.  As macrophytes have been found to be at the same or a lower 
classification in the majority of times monitored with other biological elements (Figure 
5.8), the elements driving failures where macrophytes are also failing are likely to be 
physico-chemical elements, priority substances, or specific pollutants.  This 
demonstrates the need to consider all quality elements together when reviewing the 
failures which are making up the status of a water body, catchment or RBMD. 
 
Figure 5.8: The lowest classified and supplementary failures for each failing element 
as a percentage of the times monitored.  
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Table 5.3: The frequency of the different combinations of elements failing in the water bodies of the Anglian RBD (combinations 
that occur once have been omitted). 
Worst element(s) Other failing 
element(s) 
Number of 
times exact 
combination 
fails 
Number of times exact 
combination fails along with 
other elements  
Number of times 
failing together in any 
combination  
Fish - 96 194 224 
Phosphate - 37 128 201 
Fish Phosphate 23 46 104 
Invertebrates - 8 24 72 
Fish Phosphate, 
Invertebrates 
6 
13 104 
Phosphate, Phytobenthos - 6 28 77 
Phosphate, Fish - 6 31 104 
Fish Phosphate, 
Dissolved Oxygen 
5 
13 39 
Fish Invertebrates 5 27 42 
Phosphate Dissolved Oxygen 4 20 69 
Phosphate, Dissolved Oxygen  4 15 69 
Phosphate, Invertebrates 4 23 52 
Phosphate, Fish, Phytobenthos - 4 13 47 
Phytobenthos - 4 49 91 
Phytobenthos, Fish Dissolved Oxygen 3 9 39 
Dissolved Oxygen Phosphate 3 10 69 
Dissolved Oxygen  - 3 41 87 
Ammonia - 3 10 39 
Fish Phytobenthos, 
Macrophytes 
3 
7 15 
Phytobenthos, Phosphate, Fish Invertebrates 3 6 16 
Fish Phosphate, 
Phytobenthos 
3 
7 47 
Phosphate Phytobenthos 3 20 77 
Fish, Phytobenthos  3 20 104 
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Worst element(s) Other failing 
element(s) 
Number of 
times exact 
combination 
fails 
Number of times exact 
combination fails along with 
other elements  
Number of times 
failing together in any 
combination  
Fish Phosphate, 
Invertebrates, 
Ammonia, Dissolved 
Oxygen 
2 2 3 
Phosphate Phytobenthos, 
Dissolved Oxygen 
2 
5 28 
Phosphate Fish, Dissolved 
Oxygen 
2 
3 39 
Fish Dissolved Oxygen 2 28 50 
Dissolved Oxygen Ammonia, 
Phosphate 
2 
6 18 
Fish, Dissolved Oxygen - 2 7 50 
Phosphate Ammonia 2 17 31 
Fish, Invertebrates - 2 4 42 
Phosphate,  BOD 2 11 19 
Phosphate Fish 2 31 104 
96 
5.5 Discussion 
Ecological assessments provide an opportunity to conduct integrated assessments 
of water quality.  The WFD has recognised this and placed an emphasis on 
measuring the ecological integrity of aquatic ecosystems, requiring that biological 
indicators be assessed.  This has led to an increase in the number of assessments 
in use across Europe and improvements in quantity and quality of data regarding 
ecological assessments (Hering et al., 2006).  Despite this, there has been a varied 
approach to the design of monitoring networks within Europe (EC, 2009).  Ensuring 
that monitoring networks provide reliable ecological assessments will be essential for 
the successful implementation of the WFD and the sustainable management and 
restoration of water bodies.  
The need to review and evaluate monitoring networks and update them in an 
adaptive way has also been identified as key to the long term success of monitoring 
networks (Lovett et al., 2007; Lindenayer and Linkens, 2009; Lindenayer and 
Linkens, 2010; Zeide, 1994).  This ensures that objectives of monitoring networks 
are still relevant and that the design of the network still provides useful information 
(Lovett et al., 2007).  Without this there is a risk that monitoring becomes a drain on 
resources without providing useful information (Keith, 1990).  Not only is this not cost 
effective but it also risks undermining confidence in monitoring and the need for data 
to inform environmental management. The best way to ensure monitoring networks 
remain relevant to their purpose is the frequent and rigorous use of data by 
concerned individuals and through the publication of interpretations and reviews 
(Lovett et al., 2007).  Despite this, whilst there are a number of studies which have 
looked at individual or a select number of assessment indicators mandated by the 
WFD, there have been few that have looked at ecological networks as a whole 
(Hering et al., 2006; Dahm et al., 2013). Therefore, using case studies such as the 
Anglian RBD provides an example of the value of evaluating mandated monitoring 
networks and the need for there to be an adaptive response to this.   
Nearly half of all the water bodies within the Anglian RBD are monitored for at least 
one quality element required by the WFD.  A report by the European Commission 
found that the UK has the highest number of surface water monitoring stations of any 
Member State, with 12,000 of 50,000 identified monitoring locations in Europe being 
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within the UK (EC, 2009).  Due to this high level of monitoring and its use of 
resources there is need to ensure efficiency in monitoring networks.  The European 
Commission report also found a varied approach to monitoring across Europe. 
Therefore, the results from evaluating monitoring networks such as this can 
contribute to appraisals of approaches to monitoring throughout Europe.  
Most water bodies within the Anglian RBD are monitored for 1 element.  This 
indicates that a risk based approach is being taken and that not too many individual 
elements are being monitored.  Long lists of monitored elements have been 
identified as leading to poorer quality in results and may be an indication of poorly 
focused networks (Zeide, 1994).  Despite this, there are over 40 water bodies that 
are monitored for over 11 quality elements.  Not all of the water bodies monitored for 
high numbers of elements are included in the surveillance network, which implies 
that these water bodies have been judged to be at risk of failing for a large number of 
elements.  Such large numbers of elements at risk of failing to achieve the WFD’s 
objectives highlights the complexity of ecological management of water bodies and 
the challenge associated with the WFD’s objectives.  
For all water bodies in the operational network there must be a thorough risk 
assessment process to check the necessity for monitoring the elements.  This 
process can be seen as asking the questions monitoring is attempting to answer, i.e. 
is this element failing or not in a water body, and then refining the questions and 
therefore the monitored elements in light of the results.  Ensuring that monitoring is 
based around well defined questions has been identified as key to successful 
monitoring (Lindenmayer and Likens, 2009; Lindenmayer and Likens, 2010).   
The use of a conceptual model that diagrammatically represents how the 
components of an ecosystem interact (Lindenayer and Linkens, 2010), has been 
identified as being of value in helping to focus the objectives of monitoring and to 
identify which elements of the ecosystem are essential for monitoring (Woodward et 
al., 1999).  This and the need for monitoring to be risk based requires that monitoring 
is designed to validate current understanding of pressures on the ecosystem, with 
the data collected being used to contribute to understanding and for use iteratively in 
future design of monitoring networks.   
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Within the Anglian RBD, there is large variation in the number of water bodies 
monitored for the different quality elements.  Fish was the only element found to be 
monitored in more water bodies than the physico-chemical elements which are all 
monitored in a similar number of water bodies.  A review of the RBMPs in England 
and Wales showed on average physico-chemical elements were monitored more 
than any other element (Collins et al., 2012).  As the data used in the RBMPs was 
collated in 2009 and the data in this study included 2010 data, this change may 
reflect an update of monitoring networks to place greater emphasis on biological 
elements as required by the WFD.   
Similarly to the review of the RBMPs, both fish and invertebrates are monitored at 
much higher frequencies than the other biological elements of macrophytes and 
diatoms (Collins et al, 2012).  Collins et al. (2012) attributed these differences to the 
existence of monitoring networks for these elements prior to the introduction of the 
WFD.  Across Europe there are also preferences for some quality elements.  For 
example, 12 out of the 17 MSs who reported to the European Commission stated 
that invertebrates are the element monitored the most out of all biological elements 
(EC, 2009).  Similarly, a review of bio-assessments in 28 Member States found that 
benthic invertebrates were the most prevalent biological group used in assessments 
for the WFD, with 90% of Members States adopting methods for this group in rivers 
(Birk et al., 2012).  Birk et al. (2012) state that the high use of assessments for 
benthic-invertebrates reflects the considerable tradition of monitoring this group, 
which is due to the advantages they offer for monitoring, such as having limited 
mobility, variety of traits and the adaption of benthic animals.  Whilst it seems that 
the challenge of a transition towards integrated ecological assessments is shared by 
a number of Member States, monitoring networks now need to be updated to ensure 
that the section of elements monitored is based on a scientific basis rather than 
historical preferences.  This is not only due to the new objectives introduced for 
monitoring under the WFD (Collins et al., 2012), but also to ensure the 
appropriateness and usefulness of elements selected and therefore the data 
produced.  
In recognition that it will not be possible to monitor all elements, those that are 
indicative of system function or that are indicators of change or the causes of change 
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should be selected (Lovett et al., 2007; Carigan and Villard, 2002).  The WFD 
approaches this by requiring a risk based approach for operational monitoring, 
requiring only those elements judged to be likely to fail the WFD’s target to be 
monitored.  One way to gauge the effectiveness of this and the appropriateness of 
quality elements selected is to review the percentage of time monitored to times 
failing.  Within the Anglian RBD, this varies widely among elements.  For example, 
macrophytes and diatoms fail to achieve good status in over 90% of the water bodies 
that they are monitored in, whilst specific pollutants and pH are not achieving good 
status in less than 1% of water bodies that are monitored. Additionally, physico-
chemical elements are monitored at similar frequencies throughout the RBD despite 
the variation in the likelihood of failing to achieve good status.   
Such large variations in the percentage of water bodies monitored that are failing 
indicates that either a risk based approach to monitoring is not being conducted for 
some elements or that there are varying degrees of understanding of the risk of 
different elements failing.  The relatively recent introduction of the monitoring of 
some elements under the WFD and the fact that a full river basin planning cycle has 
not yet been completed means that there is still likely to be much to learn about the 
relationships between the elements of water quality and the pressures which 
influence them (Hering, 2010) and the monitoring to detect water bodies at risk.  This 
makes studies that review WFD monitoring networks and the relationships of 
importance if we are to have a fully risk based approach to monitoring which is cost 
effective yet reliable.  Furthermore, the finding that most water bodies are only 
monitored for a small number of elements makes it important that the selection of 
elements to be monitored is based on good understanding of the catchment 
processes.  This will be necessary if there is to be confidence in decisions based on 
the findings of monitoring networks and for stakeholder buy-in.   
The biological elements that are failing at the lowest percentage of times monitored, 
fish and invertebrates, have a long history of being monitored in England (Collins et 
al., 2012).  Due to this, improvements in these elements will have been targeted in 
the past and this may have resulted in the higher percentage of water bodies that are 
at good status for these elements.  Whilst there has been much improvement 
historically (Environment Agency, 2012d) in elements such as fish and invertebrates, 
the design of operational monitoring networks must now account for this and reflect 
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this in the risk based approach to monitoring.  Again, reviewing monitoring data and 
updating networks in response will aid this.   
The findings of the comparison between the status classifications of the different 
biological elements suggest that due to the one out all out process of classifying 
water bodies required by the WFD, there may be some redundancy in the biological 
elements used. This is highlighted by the finding that fish and phytobenthos, fish and 
macrophytes and macrophytes and phytobenthos jointly fail in over 80% of the water 
bodies where they are monitored together. Therefore, prioritisation of some elements 
over others may lead to more efficient identification of failing water bodies.  However, 
the limited number of water bodies which have been monitored for some of the 
elements compared to each other should be considered. Further work including a 
greater number of water bodies and taking into consideration variation between 
catchments and RBDs is required before any conclusions regarding redundancy can 
be made.   
Other studies which have considered the response of different biological elements to 
pressures have suggested that there may be some redundancy in the information 
that the monitoring of combined elements provides. For example, Johnson et al. 
(2007) used a large European data set from lowland and mountain streams to 
demonstrate that fish, macro-invertebrates, macrophytes and phytobenthos 
responded similarly to environmental components at three different spatial scales. 
This, along with the findings of Hering et al. (2006) suggested that the number of 
biological quality elements can be reduced without diminishing the ability to detect 
anthropological impacts (Johnson et al., 2007). Furthermore, a study of 
macrophytes, diatoms and non-diatom benthic algae in relation to water chemistry 
and habitat structure found that, in stable environments, the analysis of any of the 
three elements will be sufficient to categorise the ecosystem (Schneider et al., 2012). 
It should be noted that only operational monitoring is required to identify water 
bodies at risk; surveillance monitoring is required to provide a comprehensive 
overview of water status in catchments.  Due to this, there will be value in monitoring 
all elements at certain locations so that more in depth information regarding 
catchment specific problems and the relationships among different quality elements 
can be obtained.  
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The analysis into the combinations of all failing elements shows that within the 
Anglian RBD there are 137 different combinations of elements explaining the 348 
failing water bodies.  The majority of these occur infrequently with 103 of the different 
combinations occurring just once and 11 occurring twice.  This highlights the 
complexity of the interactions among elements and the ecological responses to 
different pressures.  However, reviewing the combinations of elements failing along 
with the identification of the elements which are at the worse classification and 
therefore driving the status of a water body will also be useful for MSs in aiding risk 
based and targeted monitoring.  Particularly important will be the need to improve 
understanding of how elements of ecological assessments interact under multiple 
pressure situations.   
In the Anglian RBD, fish are the lowest classified element in 65% of the water bodies 
in which this element is monitored.  This, therefore, may justify the large number of 
water bodies in which fish are monitored.  Phosphate and phytobenthos are also the 
lowest classified elements in more water bodies than they are supplementary 
elements, being the worst elements in over 40% of the water bodies they are 
monitored in.  This is in contrast with macrophytes, which is a supplementary failing 
element in over 60% of the water bodies it is monitored in when all quality elements 
are considered. This is despite being found to be at the same or worst classification 
in the majority of times it is monitored with other biological elements.  The elements 
driving failures (i.e. at the worst classification) where macrophytes are also failing are 
likely to be physico-chemical elements, priority substances, or specific pollutants.  
This finding demonstrates the need for MSs to consider all quality elements together 
when reviewing the failures which are making up the status of a water body, 
catchment or RBD.  
When considering the findings in relation to the combinations of failing elements and 
the worst and supplementary failures, the differences in monitoring frequency need 
to be taken into account.  For example, fish are found to be the element failing and 
the lowest classified element in the most instances.  However, this element is 
monitored the most frequently and in the most instances where only one element is 
monitored.  Conversely, macrophytes, found to be the element with the highest 
percentage of supplementary failures, are monitored much less frequently and are 
unlikely to be the solely monitored element in as many instances.  Assessments of 
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the relationships among all quality elements at a RBD and catchment level are likely 
to provide useful information that can inform the design of monitoring networks and 
understanding of the area.  However, they must take into account monitoring 
frequency and bias.  Using surveillance points which should be monitored for all 
quality elements could avoid this.   
5.6 Conclusions 
This chapter has used a River Basin District to explore the ecological monitoring of 
surface water bodies in depth.  Large variances in the frequency of different 
monitoring elements are found.  However, this variation does not appear to be 
related to the risk of elements failing to achieve good status.  As some monitoring 
elements were introduced under the WFD relatively recently this is to be expected 
but more research is now needed to understand how elements respond to 
pressures.  Redundancies in the use of different elements in the determination of 
status of water bodies have been demonstrated, suggesting that prioritising some 
elements over others may lead to more a efficient classification process.  The 
evaluation of combinations of failures highlights the complexity of interactions 
between elements and ecological responses to pressures. However, this also 
demonstrates the potential of mandated monitoring to contribute to understanding 
the ecology of surface water bodies.  
The findings of this chapter demonstrate the value that reviewing monitoring data 
can have in evaluating the objectives of monitoring networks.  Ensuring that 
monitoring is risk based and therefore designed around research questions will 
ensure a targeted and focused monitoring network that both aids and responds to 
knowledge of the processes that determine ecological quality of surface water 
bodies. Therefore monitoring is not just for the communicating of compliance but 
also for use iteratively so that the design of monitoring networks and ultimately 
management can be continually improved.  Building this into the river basin planning 
process will be of value to MSs, not only through the efficient use of resources, but 
also through improved confidence in the results of monitoring, which may lead to 
increased stakeholder buy-in of measures required to improve water bodies. A key 
way to ensure that feedback regarding monitoring data is generated is to ensure that 
data is shared and used.  Therefore, ensuring that data is available for use by all 
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interested parties will facilitate this process.  Further research into the response of 
components of ecological assessments under multi-pressure situations is also 
required to ensure effective design of monitoring networks.  
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6 ASSESSMENT OF PRIORITY SUBSTANCE MONITORING IN A 
RIVER BASIN IN ENGLAND  
As demonstrated in previous chapters, one of the WFD’s main innovations is that it 
recognises that ecosystem integrity is essential for the provision of the services that 
aquatic ecosystems can provide.  In order to ensure that ecosystem integrity is 
protected and restored it will be necessary to understand all pressures that could be 
influencing ecosystems, with their identification the first step towards their 
management. By being persistent, bio-accumulating and toxic a number of 
chemicals released by human activities threaten water resources and the 
ecosystems they support. This chapter therefore, reviews the monitoring used to 
assess the chemical status of water bodies and investigates how information gained 
from monitoring can be used in the assessment of risks to ecosystems.  
Article 16 of the WFD sets out a strategy to combat chemical pollution in waters.  
This states that the EC should outline a list of Priority Substances (PS) that pose a 
significant risk to or via the aquatic environment.  The WFD’s Daughter Directive, 
Directive 2008/105/EC, lists the chosen PS for action and sets Annual Average 
Concentration (AAC) Environmental Quality Standards (EQS) for all 33 of these 
chemicals and Maximum Allowable Concentration (MAC) for 21. The Daughter 
Directive also designates 8 substances as priority hazardous substances.  It is 
required that all discharges of these priority hazardous substances must be 
completely phased out by 2025, whilst PS more simply require progressive reduction 
(EC, 2000).  In order for a water body to achieve good chemical status the EQS for 
all PS must be complied with.  
As with ecological monitoring, each Member State is responsible for designing 
monitoring programmes which allow the assessment of the status of water bodies.  
The principles that should govern the monitoring of chemical status are similar to 
those of ecological status, requiring the establishment of surveillance monitoring to 
investigative the overall surface water status within a catchment; operational 
monitoring to assess the status of water bodies identified as being at risk of failing to 
meet the environmental objectives of the WFD; and investigative monitoring where 
the reasons for failing are unknown (EC, 2000). Use of these three monitoring 
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networks means that risk is an important concept for the monitoring of chemical 
status, as it is in ecological monitoring.  The Directive states that risk should be 
judged on expert opinion and also on the findings of the surveillance monitoring.  
This risk based approach to monitoring allows for a cost effective and targeted 
approach to monitoring, in recognition that it would not be feasible, or necessary to 
monitor everywhere (European Commission, 2003).   
Although chemical and ecological status are determined separately under the WFD, 
the risk that chemical pollution poses to ecological status will need to be considered 
as this can affect biological elements of aquatic ecosystems.  Environmental risk has 
been defined as ‘a combination of the probability, or frequency of the occurrence of a 
defined hazard, and the magnitude of the consequences of the occurrence’ (DTER, 
2000).  Therefore, for monitoring to be risk based it must be based on a qualitative or 
quantitative assessment of this, and requires understanding of the likely frequency 
and probable impacts of exposure to chemicals.  Through testing and modelling, 
EQSs for each PS have been devised by the European Commission to provide 
thresholds under which impacts on the aquatic environment are thought not to occur.  
Therefore, these can be used to assess the possibility of impacts from individual PS.  
The monitoring of levels of PS in water bodies can then provide indications of the 
frequency of such impacts, enabling basic assessments of the risk posed by 
individual PS on the environment.  However, biological communities may be 
threatened by more than one PS and therefore come under pressure from combined 
toxicity.  Therefore, in order for the risk from PS to be understood the effects on 
receptors of concern, in this case biological communities, need to be estimated 
In additional to providing assessments of water status, monitoring networks must 
also facilitate the establishment of appropriate Programmes of Measures (PoMs) that 
will enable the WFD’s objectives to be achieved.  For each identified River Basin 
District (RBD) a River Basin Management Plan (RBMP) must be drawn up every six 
years which outlines these PoMs.  Therefore, a three stage process linking 
monitoring data and decision making is required. The first step is to collect data from 
the environment. Then analyses of this information must be conducted to determine 
impairment of the environment and its causes.  In order for this to be done 
information regarding background levels of chemicals in the environment and the 
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contribution of chemicals from different human activities (e.g. agriculture, waste 
water treatment plants) is required, in addition to mandated monitoring.  
Furthermore, catchment specific information such as land-use information, drainage 
pathways and soil types, which can affect the run off of chemicals, will also be 
necessary to understand the sources and pathways of contaminants.  The outputs of 
such analyses should then feed into the final, decision making phase, supporting the 
social process which will determine the establishment of the PoMs.   
Despite this three stage process to support effective decision making being well 
established, how information regarding the environment is integrated and analysed 
and then used in the decision making process remains a challenge, with a recent 
review of WFD implementation across Europe finding that the measures identified for 
the WFD are often unrelated to monitoring or an evidence base (Hering et al., 2010).    
The WFD has been in place for over ten years and with monitoring networks 
established since 2006, there has been an expansion of monitoring across Europe 
with over 50,000 surface water sites being monitored under the WFD’s requirements 
across the 27 Member States. Within the UK there are 1159 operational surface 
water monitoring sites where up to 33 PS are monitored at least once a month 
(European Commission, 2009).  Despite this a recent review of the implementation 
of the directive raised concerns regarding the monitoring of chemical status across 
Europe.  A review of all Member States (MSs) found that the chemical status in 40% 
of Europe’s water bodies is unknown.  Furthermore, greater understanding of the risk 
and pressures on water bodies is required if the WFD’s objectives are to be met 
(European Commission, 2012b).   
This chapter reviews data used for the assessment of chemical status from a RBD in 
England, collected over 4 consecutive years by the Environment Agency.  This 
database contains monitoring records for 368 chemicals and physico-chemical 
factors, including; PS, other chemicals of concern, nutrients and measures of flow, 
salinity and oxygen content, across 84 locations within the RBD.  Using this 
database this chapter aims to provide an overview of monitoring within the basin and 
looks at ways that risk to the environment from PS can be assessed in order to 
suggest how monitoring networks can be adapted to be more risk based, and how 
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monitoring can provide greater understanding of the effects of chemicals on 
ecosystems.   
6.1 Materials and Methods 
6.1.1 Study area 
The Anglian RBD was chosen to conduct the study.  The Anglian RBD is one of the 
11 RBD in England and Wales (Environment Agency, 2009a). The RBD contains a 
number of internationally important sites for wetland wildlife and the UK’s largest 
protected wetland area.  However, due to the number of pressures on the 
environment only 18% of the water bodies in the district were classified as good 
status in 2009.  In reflection of the challenge of improving water quality in the district 
it is only expected that an additional 1% of water bodies will achieve good status by 
2015 (Environment Agency, 2009a).   
The RBD covers 27,890 km2 in the East of England (Figure 6.1).  The landscape of 
the RBD ranges from gentle chalk and limestone ridges to extensive lowland fens 
and coastal estuaries and marshes.  The RBD is predominately rural with more than 
half of the land surface used for agriculture and horticulture.  There are a number of 
small to medium towns and cities in the area.  In total over 5.2 million people live and 
work in the RBD.  Additionally, the RBD is the richest region in the UK for wetland 
wildlife, with a number of nationally and internationally important habitats 
(Environment Agency, 2009a).   
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Figure 6.1: The Anglian RBD (Environment Agency, 2009a) 
6.1.2 Analysis of monitoring network and relationship between monitoring 
frequency and risk to environmental quality standards   
For each catchment of the Anglian RBD, each PS identified by Directive 
2008/105/EC was investigated.  The number of times and the number of locations 
monitored for each PS was recorded in order to provide an overview of PS 
monitoring within the district.  For each priority substance the range of 
concentrations was calculated along with the mean concentration.  
In order to assess the risk of failing to achieve the WFD’s objectives, the number of 
times the EQSs were exceeded was investigated.  For each PS with a derived MAC, 
the number of times the MAC was exceeded was recorded.  This was then 
compared to the monitoring frequency in order to work out the percentage failure for 
the district.  Where the concentration of a PS was recorded as below a detection 
level the maximum possible concentration was used in this analysis in line with the 
precautionary principle.   
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The AAC was also investigated for all substances.  Due to the large number of sites 
monitored, the annual average was not calculated individually for each water body.  
Instead the AAC concentrations were used to give an indication of risk of failing to 
achieve WFD objectives.  Each recorded concentration for all PS monitored was 
compared to the AAC concentration and it was noted if the AAC concentration was 
exceeded.  The percentage of all monitored instances that exceeded the AAC 
concentration was then calculated for the district.   
For each separate catchment, the number of water bodies at risk of failing to achieve 
the WFD objectives (whether the AAC was exceeded 100% of the time and/or the 
MAC exceeded) for each PS was recorded in order to allow differences and 
similarities between catchments to be identified.   
In order to investigate whether the risk of failing to achieve the WFD’s objectives had 
been incorporated into monitoring programmes, monitoring frequency was compared 
to the percentage EQS failure for each PS.  This was achieved by ranking the PS for 
monitoring frequency and comparing it to ranks of percentage MAC failures and 
percentage at risk of failing the AAC.  A spearman’s rank correlation was used to test 
the relationship between monitoring frequency and risk of failing the WFD’s 
objectives.  
6.1.3 Risk to biological communities from combined toxicity 
The number of sites that were jointly monitored for priority substances and 
invertebrates, fish, diatoms and macrophytes were recorded for each catchment.    
The Toxicity Unit (TU) concept was then used to make an assessment of the joint 
toxicity of PS on biological communities.  The TU concept has been proposed as a 
method to quantify the toxic stress associated with a combination of pollutants 
(European Commission, 2011).  Here TUs are defined as the ratio of a chemical’s 
concentration to its observed LC50 (the lethal concentration for 50% of individuals). 
This allows the conversion of the toxicity of each chemical under investigation to the 
same units, which based on the assumption that all compounds have the same 
mode of action and that concentrations are additive, can be summed to give an 
estimation of the toxicity of two or more compounds (Sprague, 1970; López-Doval et 
al., 2012).  The use of TUs to reflect toxic stress has been demonstrated to correlate 
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well with the species-at-risk (SPEAR) index, developed to detect the effects of 
pesticides on stream macro-invertebrates (von der Ohe et al., 2009).  The TU 
concept has also been recommended to provide a more realistic assessment of the 
impact of toxicity on aquatic ecosystems as it has been suggested that compliance 
with EQS alone will not ensure protection (Köck-Schulmeyer et al., 2012; Brack, 
2009).  Furthermore, the TU concept has allowed the impact of toxicity to be 
estimated for different trophic levels (Köck-Schulmeyer et al., 2012).   
Once TUs for each substance at a site are calculated these individual toxic units can 
then be summed (equation 1) to allow the toxic stress associated with a mixture of 
pollutants to be quantified, assuming an additive behaviour of all components.   
Equation 1: 
TUp=pesticide concentration/ LC50 
and TUT =ΣTUP 
The TU concept has been used in a number of other studies, such as Brack, 2009; 
Köck et al., 2010; Köck-Schulmeyer et al., 2012 and López-Doval et al., 2012 and a 
similar methodology was used.  Units were calculated for invertebrates using LC50 
values from the SPEAR calculator and the US EPA ECOTOX database.  Units for 
fish were also calculated using LC50 values from the US EPA ECOTOX database.  
The logs of each TUT were calculated and compared to the range of contamination 
as proposed by Beketov et al. (2009) and given below: 
Uncontaminated = log TU<-4 
Slightly contaminated log = TU >-4 to <-2 
Highly contaminated = log TU >-2 
Due to the high risk to the EQSs indicated and availability of data the Combined 
Essex and Broads catchment were investigated using the toxic unit concept.  For 
each site within both catchments the maximum concentration for each PS was used 
to calculate an individual TUp for both invertebrates and fish; these were then 
summed to give each site an overall TUT. The use of the maximum concentration 
represented a worst case scenario in accordance with the precautionary principle.  
For each site the contribution of each pollutant to the overall toxicity unit was 
calculated as a percentage of overall toxicity at that site.  For each PS the 
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percentage contribution to overall toxicity at the different sites was then averaged 
and depicted in a bar graph.   
6.2 Results  
6.2.1 Monitoring frequency 
Analysis of data shows that there is a great deal of monitoring of PS in the Anglian 
RBD.  However, five out of all of the PS are not monitored in the Anglian catchment 
at all.  These are alachlor, anthracene, brominated diphenylether, hexachloro-
cyclohexane and naphthalene.  Pentachloro-benzene was only monitored in 1 
instance over the 4 years (Table 6.1).  
Table 6.1: Monitoring of PS in the Anglian RBD 
PS  
Number of  
times 
monitored 
Number of 
sites 
monitored 
Range in 
concentrations 
µg/l 
Mean 
concentration 
µg/l 
Alachlor - - - - 
Anthracene - - - - 
Atrazine 1093 37 0.003-0.750 0.013 
Benzene 150 20 0.100-0.293 0.102 
Brominated 
diphenylether - - 
-  
Cadmium 7484 207 0.010-4.640 0.100 
Cadmium Dissolved 937 20 0.100-0.260 0.100 
Carbon Tetrachloride 942 43 0.100-5.000 0.115 
Chlorfenvinphos 179 15 0.010-0.014 0.010 
Chlorpyrifos 179 15 0.002-0.014 0.004 
Aldrin 1933 53 0.001-0.010 0.001 
Dieldrin 1831 51 0.001-0.081 0.002 
Endrin 1926 54 0.001-0.030 0.004 
Isodrin 1193 48 0.001-0.095 0.002 
Drins Total 440 20 0.004-0.035 0.007 
DDT pp 1546 43 0.001-0.051 0.001 
1-2 dichloroethane 815 47 0.100-10.00 0.758 
Dichloromethane 145 20 0.100-17.50 1.344 
Diuron 203 17 0.020-0.720 0.053 
Endosulfan A 914 41 0.001-0.075 0.002 
Endosulfan B 914 42 0.002-0.015 0.002 
Fluoranthene 888 29 0.010-0.073 0.013 
Hexachloro-benzene 1024 44 0.001-0.010 0.001 
Hexachloro-butadiene 933 44 0.003-0.032 0.004 
Hexachlo-cyclohexane - - - - 
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PS  
Number of  
times 
monitored 
Number of 
sites 
monitored 
Range in 
concentrations 
µg/l 
Mean 
concentration 
µg/l 
Isoproturon 270 20 0.010-2.570 0.144 
Lead 6609 188 0.100-1500 2.581 
Lead Dissolved 2809 85 0.400-4.100 1.975 
Mercury 3489 106 0.010-5.210 0.019 
Mercury Dissolved 937 19 0.010-0.130 0.011 
Naphthalene - - - - 
Nickel 6869 195 0.500-1720 5.506 
Nickel Dissolved 3312 93 1.000-1490 5.733 
Nonylphenol 133 16 0.100-0.879 0.152 
Octylphenol 81 17 0.050-0.250 0.054 
Pentachloro-benzene 1 1   
Pentachloro-phenol 636 29 0.020-0.20 0.025 
Benzo(a)pyrene 951 30 0.010-0.082 0.013 
Benzo(b)fluor-anthene 950 30 0.010-0.079 0.013 
Benzo(k)fluor-anthene 950 30 0.010-0.138 0.013 
Benzo(g,h,i)-perylene 949 30 0.010-0.230 0.013 
Indeno(1,2,3-cd)-
pyrene 948 30 
0.010-0.118 0.016 
Simazine 1073 39 0.003-0.901 0.044 
Tetrachloroethylene 679 39 0.071-5.000 0.295 
Trichloroethylene 799 45 0.100-5.000 0.164 
Tributyltin tin 527 26 0.0005-0.066 0.004 
Trichlorobenzene 433 20 0.030-24.00 0.024 
Trifluralin 1009 42 0.011-0.116 0.018 
There is large variation in the number of times and number of sites different PS are 
monitored at (Table 6.1).  Cadmium and nickel are monitored the most times across 
the RBD, being monitored 7484 and 6869 times respectively over 4 years and at 195 
and 188 sites across the catchment.  However, other PS are monitored at much 
lower frequencies.  For example, dichloromethane was monitored 145 times over the 
4 years.   
6.2.2 Assessment of risk to failing environmental quality standards  
The assessment of risk of failing the WFD objectives indicates that 6 PS failed the 
MACs at least once during 2006-2010 in the Anglian RBD (Table 6.2).  Tributlylin tin 
failed the MAC over 64% of the times it was monitored. However, the limits of 
detection varied according to the monitoring method used and on a number of 
occasions the EQS was below the limit of detection. Other PS that failed the MACs 
did so at much lower rates, ranging from 1.4% for isoproturon to 0.03% for cadmium.  
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Although the percentages calculated show that mercury failed the MAC only 1.12% 
of times this actually corresponds to 39 records.  This is due to the high monitoring 
frequency of mercury in the RBD. 
Table 6.2: The AAC and MAC EQSs exceeded for the PS monitored in the Anglian 
RBD 
 
Number of 
sites at risk 
of 
exceeding 
AAC  
Percentage 
sites at risk 
of exceeding 
AAC  
Number times 
MAC exceeded 
Percentage MAC 
exceeded 
1-2 dichloroethane 0 0.00 0 0.00 
Atrazine 12 1.10 0 0.00 
Benzene 0 0.00 0 0.00 
Cadmium 74 0.99 2 0.03 
Cadmium Dissolved 1 0.11 0 0.00 
Carbon Tetrachloride 0 0.00 0 0.00 
Chlorfenvinphos 0 0.00 0 0.00 
Chlorpyrifos 0 0.00 0 0.00 
Drins Total 60 13.64 0 0.00 
Aldrin 0 0.00 0 0.00 
Dieldrin 48 3.38 0 0.00 
Endrin 41 2.76 0 0.00 
Isodrin 4 0.46 0 0.00 
DDT pp 0 0.00 0 0.00 
Dichloromethane 0 0.00 0 0.00 
Diuron 2 0.99 0 0.00 
Endosulfan A 25 2.74 13 1.42 
Endosulfan B 9 0.98 8 0.88 
Fluoranthene 0 0.00 0 0.00 
Hexachloro-Benzene 0 0.00 0 0.00 
Hexachloro-butadiene 0 0.00 0 0.00 
Isoproturon 32 11.85 4 1.48 
Lead 135 2.04 0 0.00 
Lead Dissolved 0 0.00 0 0.00 
Mercury 63 1.81 39 1.12 
Mercury Dissolved 2 0.21 0 0.00 
Nickel 55 0.80 0 0.00 
Nickel Dissolved 19 0.57 0 0.00 
Nonylphenol 5 3.76 0 0.00 
Octylphenol 1 1.23 0 0.00 
PAHs     
Benzo(a)pyrene 2 0.21 0 0.00 
Benzo(b)fluor-anthene 7 0.74 0 0.00 
Benzo(k)fluor-anthene 190 20.06 0 0.00 
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Number of 
sites at risk 
of 
exceeding 
AAC  
Percentage 
sites at risk 
of exceeding 
AAC  
Number times 
MAC exceeded 
Percentage MAC 
exceeded 
Benzo(g,h,i)-perylene 946 100.00 0 0.00 
Indeno(1,2,3-cd)-
pyrene 945 100.00 0 0.00 
Pentachlorophenol 0 0.00 0 0.00 
Simazine 0 0.00 0 0.00 
Tetrachloroethylene 0 0.00 0 0.00 
Trichloroethylene 0 0.00 0 0.00 
Tributylin Tin 517 98.10 339 64.33 
Trichlorobenzene 14 3.23 0 0.00 
Trifluralin 23 2.28 0 0.00 
The value given for the AAC is exceeded by 26 out of the 43 chemicals monitored in 
the district (Table 6.2).  These chemicals include; drins total, nonylphenol, 
trichlorobenzene, dieldrin and triflurin.  The percentage of times the AAC value is 
exceeded ranges greatly, from 100%-0.1% of times monitored district wide.  The 
PAHs benzo(g,h,i)-perylene and indeno(1,2,3-cd)-pyrene fail the AAC concentration 
100% of times monitored, while tributyltin exceeds the AAC concentration 98.1% of 
times monitored.  However, as noted above the EQS for all of these chemicals was 
often below the limit of detection. 
Table 6.3 indicates which PS have been found to be of risk to the WFD’s objectives 
in each catchment.  This shows that total drins, tributyltin, cadmium, benzo(g,h,i)-
perylene and indeno(1,2,3-cd)-pyrene are of risk to the WFD’s objectives in all 
catchments where monitored, showing that these are chemicals of concern for the 
whole district. Lead and mercury are also at risk of exceeding the AAC in 8 and 7, 
respectively, of the catchments where they are monitored. Other chemicals pose 
more specific problems for individual catchments.  For example, dieldrin and isodrin 
only exceed the AAC concentration in the Witham catchment with atrazine only 
exceeding the AAC concentration in 2 of the 9 catchments where it is monitored. Out 
of the 6 chemicals that have been found to fail the MAC, only tributyltin tin did so in 
all of the catchments.   
Table 6.3: PS that have been identified as being at risk to the WFD’s objectives in 
the different catchments of the Anglian RBD, excluding north-Norfolk and North-west 
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Norfolk where no PS have been found to be of risk. X= Failed, X= At risk, NM=Not 
Monitored   
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1-2 dichloroethane                   
Atrazine   X       
Benzene          
Cadmium X X X X X X X X X 
Cadmium Dissolved    NM NM  X   
Carbon Tetrachloride NM         
Chlorfenvinphos    NM NM NM  NM  
Chlorpyrifos    NM NM NM  NM  
Aldrin          
Dieldrin         X 
Endrin   X  X  X  X 
Isodrin    NM     X 
Drins total X X X NM X X X X NM 
DDT pp          
Dichloromethane   NM       
Diuron    X NM  NM  NM  
Endosulfan A   X    X  X 
Endosulfan B X  X  X  X X X 
Fluoranthene  X  NM   X   
Hexachloro-Benzene          
Hexachloro-butadiene          
Isoproturon X X X NM  NM X X  
Lead X X X  X X X X X 
Lead Dissolved     NM     
Mercury X X X X  X X  X 
Mercury Dissolved X   NM  NM    
Nickel  X   X X X  X 
Nickel Dissolved     X     
Nonylphenol X  X  NM  NM   
Octylphenol   X  NM  NM   
Pentachlorbenzene    NM NM NM    
Pentachlorophenol    NM NM     
Simazine    NM      
Tetrachloroethylene    NM      
Trichloroethylene          
Tributylin tin X X X X X X X X X 
Trichlorobenzene    NM      
Trifluralin X X X  X X   X 
Benzo(a)pyrene   X NM      
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Benzo(b)fluor-
anthene 
X  X NM X X   X 
Benzo(k)fluor-
anthene 
  X NM X   X X 
Benzo(g,h,i)-perylene X X X NM X X X X X 
Indeno(1,2,3-cd)-
pyrene 
X X X NM X X X X X 
There is no relationship between monitoring frequency and number of times the 
MAC is exceeded, determined by a Spearman’s rank correlation (ρ= -0.0012, df =41, 
p= 0.994) Figure 6.2. For example, isoproturon is ranked 2nd for frequency of MAC 
exceeded, yet this is ranked 26 out of 45 for monitoring frequency.   
 
Figure 6.2: Rank of times monitored against the rank of times monitored that exceed 
the MAC 
There is also no significant relationship between the risk of exceeding the AAC 
concentration and frequency of monitoring, determined by a Spearman’s rank 
correlation (ρ=0.146, df =41, p=0.351), (Figure 6.3). For example, 
benzo(g,h,i)perylene and indeno(1,2,3-cd)-pyrene fail the AAC 100% of monitoring 
ρ=0.0012, df =41, p=0.994 
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sites yet these are only ranked 19 and 20  respectively out of 43 for monitoring 
frequency.  
 
Figure 6.3: Rank of the times monitored against the rank of times monitored that 
exceed the AAC 
6.2.3 Assessment of the risk to biological communities from combined toxicity 
Only 40 sites within the Anglian RBD are monitored for both PS and biological 
elements. Invertebrates share the most monitoring sites, with 24 also monitored for 
PS.  Fish are monitored alongside PS at 9 sites and diatoms at 7 sites.  No sites in 
the RBD are monitored for both macrophytes and PS (Table 6.4).   
ρ=0.146, df =41, p=0.351 
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Table 6.4: Number of sites monitored for PS and biological elements 
Catchment Invertebrates Fish Diatoms Macrophytes 
Broads 5 0 1 0 
Cam and Ely Ouse 17 3 0 0 
Combined Essex 0 0 0 0 
East Suffolk 0 0 1 0 
Nene 1 0 0 0 
Old  Bedford  1 0 1 0 
Upper and Bedford 
Ouse 
0 6 4 0 
Welland 0 0 0 0 
Witham 0 0 0 0 
Using the maximum concentrations recorded in the Combined Essex catchment and 
the Broads catchment it was found that 7 and 9 sites respectively were classified as 
highly contaminated for invertebrates.  Using the TUs for fish, 9 and 13 sites were 
classified as highly contaminated for the Combined Essex and Broads catchments.  
There were no sites classified as not contaminated for either species (Table 6.5).  
Table 6.5: Number of sites classified as highly contaminated, slightly contaminated 
and not contaminated using toxicity for invertebrates and fish 
 Combined Essex 
Catchment 
Broads Catchment 
Invertebrates Fish Invertebrates Fish 
Number of sites classified as 
highly contaminated 
7 15 9 21 
Number of sites classified as 
slightly contaminated 
9 1 13 1 
Number of sites classified as 
not contaminated  
0 0 0 0 
. 
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Figure 6.4: The percentage PS contribution to toxicity for a) macro-invertebrates in the Broads catchment b) fish in the Broads catchment c) 
macro-invertebrates in the Combined Essex catchment and d) fish in the Combined Essex catchment  
a) b) 
c) d) 
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The PS contributing to the toxic units varies between the group of species and 
catchments.  However, the contribution of PS to toxicity is more similar for fish in 
both of the catchments.  Cadmium is contributing over 60% to 31 of the 37 sites it is 
monitored in across the 2 catchments.  Endosulfan A and B are contributing over 
10% to toxicity in4 out of 15 sites and 10 out of the 15 sites respectively across the 2 
catchments.  Nickel is contributing over 50% at one in each catchment.   
For macro-invertebrates the PS contributing to toxicity is more varied across the 
catchments.  In the Broads catchment nickel dominates, contributing over 60% to 
toxicity at 13 out of 20 sites where it is monitored.  In the Broads chlorofenvinphos 
and chlorpyifos contribute over 30% to toxicity at the 5 sites where they are 
monitored.  In the Combine Essex catchment lead dominates toxicity, contributing 
over 50% to toxicity in 12 out of the 15 sites where it is monitored. At the 3 sites in 
the Combined Essex catchment where it is monitored chlorofenvinphos contributes 
over 10% to toxicity. However, chlorpyifos contributes less than 4% at every site it is 
monitored at.   
Considering the toxicity at individual sites for each year shows that all sites are 
slightly contaminated with regard to toxicity for invertebrates and highly 
contaminated with regard to toxicity for fish (Table 6.6).   
Table 6.6: The TU for each site investigated in the Combined Essex catchment for 
Invertebrates and fish using the maximum average 
Sampling sites Invertebrates Fish 
20
07
 
BL01 -2.185 -1.552 
CH01 -2.007 -1.075 
ST01 -2.224 -1.594 
ST11 -2.085 -0.795 
20
08
 BL01 -2.502 -1.516 
CH01 -2.243 -1.189 
ST01 -2.613 -1.587 
 ST11 -2.192 -1.034 
20
09
 BL01 -2.462 -1.483 
CH01 -2.377 -1.183 
ST01 -2.666 -1.728 
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Sampling sites Invertebrates Fish 
 
ST11 -2.343 -1.097 
20
10
 
BL01 -2.743 -1.802 
CH01 -2.440 -1.150 
ST01 -2.406 -1.199 
ST11 - - 
6.6 Discussion  
The review of the data collected from the Anglian RBD from 2004 to 2010 clearly 
shows there is a great deal of monitoring of PS in the RBD.  However, five out of the 
PS listed in the PS Directive 2008/105/EC are not monitored at all in the RBD.  Four 
of these, brominated diphenylether, chloroalkanes and hexachloro-cyclohexane, are 
priority hazardous substances, which have been identified by the Commission as 
being of particular concern.  These chemicals may not have been monitored as the 
PS Directive 2008/105/EC was only implemented in 2008 and monitoring 
programmes may not reflect these changes as yet.  These chemicals should be 
included into monitoring programmes as early as possible. Even if there are no 
known sources at the catchment level, all PS should be included in surveillance 
monitoring programmes in order to provide an overview and aid the assessment of 
the risk that these pose to the environment.   
In addition to there being PS that are not monitored, there are also 2 catchments, 
North Norfolk and North West Norfolk, which are not monitored for any PS.  This 
may be a reflection of the small size of the catchments, with no known emissions of 
PS.  However, as monitoring networks are required to provide a coherent and 
comprehensive overview of ecological and chemical status (EC, 2000) monitoring of 
all catchments is recommended.  
The review of PS in the Anglian RBD indicates that there are 6 chemicals which 
exceed the MAC.  These are tributyltin, isoproturon, endosulfan A, endosulfan B, 
mercury and cadmium.  These chemicals should be judged to be of high risk to the 
environment of the district and the WFD’s objectives and therefore prioritised for 
action.  Other high risk chemicals in the RBD include benzo(g,h,i)-perylene and 
Indeno(1,2,3-cd)-pyrene which do not have MAC but were found by this study to 
exceed the AAC 100% of times monitored.  However, often the limit of detection for 
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these chemicals is greater than the EQS itself, making calculations of EQS and the 
risk to the environment problematic.  A similar problem was also reported from a 
study assessing the monitoring of PS in 4 Spanish basins; here a number of 
substances had limits of detection above EQS with the limit of detection varying 
between basins and between years (López-Doval et al., 2012).  Whilst the authors 
state that variation in limits of detection between years is to be expected, due to 
improvements in analytical methods, they also stated that shortcomings in detection 
methods reduce the amount of data available for environmental quality assessments 
and pose problems for inter-calibration between catchments and member states 
(López-Doval et al., 2012).   
Similarly to the findings of this study, research of PS in three other RBDS in Europe 
found that the majority of water bodies that failed to achieve good status did so due 
to a relatively small number of chemicals.  Von der Ohe et al. (2009) showed that 
just four chemicals (cadmium, lead, benzo(g,h,i)-perylene and indeno(1,2,3-cd)-
pyrene) are responsible for the failure of 90% of water bodies that do not comply with 
good status. Benzo(g,h,i)-perylene and indeno(1,2,3-cd)-pyrene were responsible for 
the majority of water bodies exceeding the EQSs in the Llobregat RBD in Catalonia, 
Spain.  Cadmium was responsible for the majority of failures in the Scheldt RBD, 
which flows through France, Belgium and the Netherlands and the Elbe RBD which 
flows through the Czech Republic and Germany (von der Ohe et al., 2009).   
Tributyltin, is of particular concern in the Anglian RBMD as the MAC is exceeded in 
64.3% of the times monitored.  Tributyltin has been used commercially as a 
bactericide and algaecide.  The no effect levels have been judged to be difficult to 
identify but lies below 0.1µg/l for a number of species (IPCS, 1990).  Tributyltin is 
particularly toxic to molluscs, affecting shell deposition, growth, gonadal 
development and gender.  Tributyltin is also toxic to crustaceans, reducing 
reproductive performance, neonatal survival and juvenile growth.  The growth of 
freshwater angiosperms has been found to be inhibited at tributyltin levels exceeding 
0.06 µg/l (IPCS, 1990); this is less than the maximum concentration recorded in the 
Anglian RBMD.  Furthermore, egg laying in freshwater snails is significantly affected 
at concentrations greater than 0.001 µg/l (IPCS, 1990), which is less than the mean 
concentration of tributyltin recorded in the Anglian RBMD.   
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PAHs are acutely toxic to fish and Daphnia magna in combination with absorption of 
ultraviolet radiation and visible light (IPCS, 1998).  Fish can metabolise PAHs into 
intermediates that may have teratogenic, mutagenic and carcinogenic properties and 
are associated with hepatic tumours in free living fish.  Additionally low 
concentrations of PAHs can stimulate algal growth.  Data on the toxicity of PAHs, 
other than for naphthalene, phenatharene and fluroanthene, is scarce.  However, the 
LC50 concentrations of benzo(g,h,i)-perylene for Daphnia magna has been found to 
be 0.2 µg/l (IPCS, 1998), lower than the maximum concentration recorded in the 
Anglian RBMD.  No effect concentrations for the egg larvae stage of Brachydanio 
rerio and Pimephales prometas were found to be 0.16 µg/l and 0.15 µg/l respectively 
(IPCS, 1998), less than the maximum concentration recorded in the Anglian RBMD.  
Other PS found to be of high risk in the catchment are Endosulfan and Isoproturon. 
Endosulfan is an endocrine-disrupting pesticide, which can mimic the actions of 
oestrogens (McKinlay et al. 2012).  Endosulfan has been found to be particularly 
toxic to fish, with acute toxicity in the range of 0.1-10 μg/l and the lowest LC50 
recorded for Oncorhynchus mykiss at 0.28 μg/l.  The worst case scenario no effect 
concentrations reported is 0.05 μg/l for Oncorhynchus mykiss, corresponding to 
effects on growth rates (European Commission 2005a). This is lower than the 
maximum concentration recorded in the Anglian RBMD.  Isoproturon is an herbicide 
used against weeds in cereals.  The no effect concentration for the alage S. 
subspicatus is 3.2µg/l (European Commission 2005b), which is greater than the 
maximum concentration recorded in the Anglian RBMD.  However, long term no 
effect concentrations are considered to be an order of magnitude lower (European 
Commission 2005b).    
The heavy metals cadmium and mercury have also been identified as being of high 
risk to the environment of the river basin. A main feature of all heavy metals is that 
they have toxic effect on cells caused by their ability to denature proteins (Gadd & 
Griffiths 1977).  Cadmium is readily accumulated by many organisms, particularly by 
microorganisms and molluscs where the bio-concentration factors are in the order of 
thousands (IPCS, 1992). In humans symptoms of acute cadmium toxicity include 
abdominal pain, nausea and vomiting, chronic cadmium toxicity can lead to 
respiratory problems, renal dysfunction and disorders of calcium metabolism leading 
to diseases such as osteoporosis and itai-itai disease (Pan et al., 2012).  Water 
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characteristics appear to affect cadmium toxicity, with increasing temperature, 
decreasing water hardness and salinity increasing the uptake and toxicity impact of 
cadmium.  The lowest 96 hour LC50 recorded is 16µg/l for the adult Mysidopsis 
bahia.  No effect concentrations for the Daphnia magna of 0.6µg/l have been 
recorded (IPCS,1992) which is lower than the maximum concentration recorded in 
the Anglian RBMD.  The organic forms of mercury are generally more toxic to 
aquatic organisms than the inorganic forms.  The lowest no effect concentration 
recorded is 0.2 μg/l for Scenedesmus acuminatus, an algae (European Commission 
2005c). Similarly to cadmium the toxicity of the metal is reduced in the presence of 
high salt concentrations (European Commission 2005a).  However, mercury can be 
converted to fat soluble species by micro-organisms which can bio accumulate in 
animals.  One of the main effect of mercury toxicity to humans is damage to the 
nervous system, resulting in tremors and hallucinations (Pan et al., 2012).    
Of the 6 chemicals identified as high risk to the aquatic environment in the Anglian 
RBD (i.e. exceeding the MAC), 2 are pesticides.  Within Europe the evaluation, 
marketing and use of pesticides in plant protection are regulated under Council 
Directive 91/414/EEC, which was amended in 2011.  This Directive lays out a risk 
assessment and authorisation procedure for pesticides.  Substances have to be 
proven to be safe in terms of human health, animal health and the environment in 
order to be included in annex I of this Directive and allowed to be marketed and used 
(European Commission, 2011).  Endosulfan is not included in annex I of the 
Directive and therefore should not be used within the EU.  The review of endosulfan 
found concerns with the behaviour of the substance in the environment, in particular 
its degradation, persistence, potential for long range transport and potential for 
bioaccumulation (European Commission, 2005).  Conversely the review of 
isoproturon did not find anything of concern and found that it fulfils safety 
requirements if used in line with a number of conditions (European Commission, 
2002).  As isoproturon is found to exceed the MAC in 4 locations within the district 
there should be a review to ensure that the conditions of use are being complied with 
and if necessary supplementary measures included in PoMs.  This highlights the 
need to ensure that monitoring data is used within the design of POMs within 
RBMPs.   
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The use of tributyltin has also been restricted in the UK in response to it being widely 
recognised as highly toxic to aquatic ecosystems (Clark et al., 1988).  A retail ban on 
tributyltin was first imposed in the UK in 1987, preventing its use as a biocide on 
boats smaller than 27 meters (Voulvoulis et al., 2000).  In addition, in 2003 the 
International Maritime Organisation called for a global treaty that banned the 
application of tributyltin-based paints starting from 1st January 2003, with total 
prohibition by 1st January 2008 (Landmeyer et al., 2004).  Prior to the bans tributyltin 
was used in antifouling paints applied to boats, ships and docks and exposure to the 
environment primarily came through leaching from these sources (Dowson et al., 
1992).  A study of tributyltin in the Norfolk Broads, UK, during 1986 and 1987 also 
found tributyltin in the majority of sites monitored (Waite et al., 1989).  Dowson et al. 
(1992) showed that in estuaries in Suffolk and Essex, tributyltin tin water 
concentrations were above the 1987 Environmental Quality Target in 7 of the 17 
sites sampled.   
The detection of endosulfan and tributyltin in the waters of the Anglian RBD long 
after their use has been restricted suggests that sediment could be the source of 
these chemicals.  Tributyltin, for example, has a high specific gravity and is quickly 
removed from the water column and readily absorbed to bed sediment.  This is 
reversible so contaminated sediments can act as long term sources of tributyltin 
contamination (Landmeyer et al., 2004).  Many studies have shown that sediments 
are an important source of contaminants in aquatic ecosystems (Burton Jr., 2002; 
Chon et al., 2010; Ridgway, 2002; Taylor, 2009).  Due to this some have called for 
sediment guidelines and quality standards to be incorporated into the WFD (Borja et 
al., 2004; Brils, 2008; Tueros et al., 2009).  This study indicates that consideration of 
sediments may also be necessary for PS risk assessments in addition to their 
management in integrated catchment measures.   
The detection of chemicals such as tributyltin and endosulfan long after bans on their 
use have been enforced demonstrates the length of time such bans take to stop 
persistent chemicals continuing to harm the environment.  These chemicals are likely 
to be a threat to the objectives of the WFD despite bans being in place. This 
highlights the fact that, as Hering et al. (2010) demonstrated, the political timescale 
of achieving good status does not match with the science of restoration or ecological 
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and hydrological responses.  Few studies have investigated the response of 
chemical status to pollution prevention measures (Tueros et al., 2009) therefore it 
will be hard to estimate the length of time required for such bans to take full effect.  
However, this should be taken into consideration when using a risk based approach 
to the design of monitoring networks.  
The use of cadmium and mercury in plant protection chemicals has also been 
banned in the UK for a number of years.  The use of mercury and its compounds has 
been banned since 1979 under the Council Directive 79/117/EEC  (HSE, 2011).  
Cadmium compounds have also been banned in the UK since 1965 due to evidence 
of carcinogenicity (HSE, 2011).  However, unlike endosulfan, cadmium and mercury 
have common uses other than for plant protection.  For example, mercury is used in 
amalgam in dental fillings and has been found to be discharged from dental 
surgeries (Sörme, 2002) and cadmium is used in plumbing and roof materials and 
also found to be emitted from car washes (Chon et al., 2010; Gromaire Mertz, 1999).  
Rock-phosphate fertilisers used in arable farming are also sources of cadmium if 
cadmium is present in the source rock (Pan et al., 2012; McKinlay et al., 2012).  
Concentrations of cadmium can be as high as 500mg/kg in phosphorites used in the 
production of fertilisers.  Soils that have received heavy applications of sewage 
sludge have also been found to have high concentrations of cadmium (Pan et al. 
2012).  
In addition both cadmium and mercury can come from atmospheric sources.  
Mercury has a high affinity for organic carbon and as a result is often concentrated in 
coal.  Therefore, much mercury released into the environment comes from the 
burning of fossil fuels but also from mining and smelting (Pan et al., 2012).  
Cadmium can also result from fossil fuel consumption, cement manufacturing and 
zinc and copper production.  This results in around 40% of anthropogenic cadmium 
coming from atmospheric deposition and a complex pattern of potential sources to 
soil and water (Pan et al., 2012).  The pathways of cadmium and mercury to surface 
waters are further complicated by runoff rates being affected by interactions with 
other ions and organic matter in soils.  For example, in well drained acidic soils 
cadmium has medium to high mobility yet low mobility in neutral to alkaline soils 
(Pan et al., 2012). The properties of soils will also affect the pathways of other 
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pollutants, such as pesticides which generally form hydrogen bonds with organic 
material and ionic bonds with clay, making them less mobile in soils high in these 
properties (McKinlay et al., 2012).    
The management challenges presented by PS, such as those that continue to pose 
a risk to the environment long after bans and those such as cadmium and mercury 
that can come from a variety of sources including atmospheric deposition and have 
pathways that are affected by soil characteristics, demonstrate that technical 
analyses of data collected by statutory requirements is essential.  This will link the 
collection of monitoring data to decision making in a process of three clear steps; 
collection, analysis and decision making.  Technical analyses of the data are 
essential in this process so that the information gained from monitoring can be 
maximised allowing for environmental risks to be fully understood in order to support 
a decision making process.  Furthermore, as the WFD’s objectives now require the 
integrated management of pressures on the environment more robust and 
comprehensive information is necessary. Source-Pathway-Receptor linkages are 
critical to any useful framework for developing such analyses, identifying and 
proportioning possible sources and the pathways of PS.  The completion of such 
analyses would require supplementing statutory required environmental data with 
other data sets on land-use and soil type, hydrology, geology etc. For example, 
making use of data from Cranfield Soil and AgriFood Institute’s National Soil Map 
(Land Information System 2013) would allow predictions of pathways for certain PS 
such as heavy metals and pesticides, the runoff of which is effected by organic 
matter and ions in soils.  The use of datasets such as the British Geological Society’s 
Geochemical Baseline Surveys (BGS, 2013) could also allow the identification of 
‘normal background concentrations’ of certain PS related to bedrock composition, 
metaliferous mineralisation or anthropogenic sources to assist with source 
identification and to allow comparisons with monitored data to identify areas of high 
risk to the environment.    
This study’s review of the distribution of PS are at risk of causing failures of the 
WFD’s objectives in the different catchments shows that only 5 of the 42 PS 
investigated are of concern in all catchments.  Due to the widespread nature of the 
risk from these chemicals, management of them may be most appropriate at the 
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district level.  However, the majority of chemicals have been found to pose a risk in 
far fewer catchments and represent more localised problems.  This indicates that the 
catchment level would be the most appropriate level for further risk assessment, 
SPR analyses and the identification of management measures for the majority of PS.  
The catchment as the most appropriate level for sustainable management of water 
has been advocated by numerous studies and organisation (Falkenmark, 2004; 
Pollard, 2002; UNESCO, 2009).  The findings of this work also support this approach 
for integrated management of PS.  The integration of PS monitoring data with other 
data sets assist with the interpretation of information in a catchment specific manner 
and will strengthen the evidence base for action at the catchment level.   
The use of technical analyses provides a link between the collection of data and the 
decision making process. Technical analyses of this kind should  provide 
assessments of the impacts of different levels of emission of PS, along with 
measures of uncertainty.  These will help those involved in the decision making 
process to establish thresholds of acceptable PS emission levels so that the risk of 
different human activities can be balance with the need to ensure environmental 
protection.  This will require data collected in the environment to feed into scientific 
research developing understanding which in turn is shared with stakeholders and 
decision makers.   
The analyses proposed here highlight the need for statutory bodies such as the 
Environment Agency to give greater consideration to how data is used post 
collection so that the information gathered is maximised.  Furthermore, collecting 
large amounts of data and integrating data with other sources of information will 
present challenges of how large data sets are managed and analysed.  Investigating 
the use of large data sets in other disciplines such as medicine and meteorology 
could assist with identifying solutions to these challenges.   
The use of TUs has been proposed as a method of assessing the risk of chemicals 
to biological elements in the environment, thus providing an assessment of the 
impact of PS and combined toxicity on receptors of concern, in this case biological 
elements. This study has shown that the use of TUs can provide an easy to 
understand classification of the risk posed to target organism groups by 
contamination of multiple chemicals at different sites and catchments.  As there is 
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little concurrence of chemical and biological locations, analysis of correlations will be 
prevented, making the use of TUs more important in determining risk to the 
environment.  In this study, all sites where TUs were calculated using the maximum 
concentration of PS detected were identified as being highly or slightly contaminated, 
indicating a clear risk to the environment and the WFD’s objectives.  However, the 
use of the maximum concentration, whilst in line with the precautionary principle, 
represents a worst case scenario, with day-to-day mixtures of chemical 
concentrations unlikely to be as high.  The use of TUs is also reliant on the 
assumption that the toxicity of all pollutants is additive.  Furthermore, LC50s were 
not available for all PS so some were left out of the assessment; for example 
isoproturon and chlorfenvinphos LC50s were unavailable for fish.   
Heavy metals dominated the contributions to toxicity in both catchments for both 
organism groups, cadmium for fish in both the Broads and Combined Essex 
catchment and nickel and lead for macro-invertebrates in the Broads and Combined 
Essex catchments respectively.  Heavy metals were also found to be the main 
contributors in four river basins in Spain.  The Spanish study also found that 
chlorpyrifos contributed the most to the toxicity of organic pollutants; however this 
was only found to be contributing to toxicity for macro-invertebrates in the Broads 
catchment.  There is a greater number of PS contributing to the toxicity to 
invertebrates in both catchments. Here, nickel and lead contributes the most to 
toxicity in the catchments but the contributions of the organic pollutants chlorpyrifos, 
chlorfenvinphos and dieldrin are greater in the Broads catchment than the combined 
Essex catchment.  The difference in the levels of those organic pollutants that are 
pesticides may be representative of the variation in predominant land use in the two 
catchments, with the combined Essex catchment being more urban in nature.  That 
there is a difference in the chemicals contributing the most to toxicity to invertebrates 
and fish is to be expected, given the biological differences between the organisms, 
their trophic level and habitats they inhabit.   
Not all of the chemicals identified as contributing the majority of toxicity to 
invertebrates and fish are also identified as being at risk of exceeding the EQS in the 
different catchments.  Within the combined Essex catchment, all 3 PS contributing 
the most to toxicity for fish were found to be at risk of exceeding the AAC or MAC 
130 
EQS.  However, within the Broads catchment only 2 of these PS (cadmium and 
endosulfan B) were identified as being at risk of exceeding the AAC, and endosulfan 
A was not identified as being at risk of exceeding either the AAC or the MAC EQS.  
For invertebrates none of the PS contributing the most to toxicity (chlorpyrifos, 
dieldrin, chlorfenviphos, and nickel) in either catchment were found to exceed either 
the AAC or the MAC.  This is in line with other studies that have suggested that 
compliance with the EQSs may not ensure environmental protection and suggest 
that despite being calculated separately under the WFD, PS and toxicity should also 
be considered as affecting ecological integrity  (Brack, 2009; Köck-Schulmeyer et al., 
2012).  Therefore, if good ecological status is to be achieved in addition to good 
chemical status, methods which integrate the two may be required so that all 
pressures causing impairment are identified and integrated solutions found.   
The assessment of TUs calculated from average annual concentrations also 
demonstrates that the combination of pollutant levels at a number of sites may be 
toxic to invertebrates and fish.  However, using the average annual concentration, no 
sites were classified as highly contaminated for invertebrates but all sites were 
classified as highly contaminated for fish, demonstrating that fish are at significant 
risk.  As with the TUs calculated from the maximum concentration, more sites were 
classified as more severely toxic for fish than invertebrates.  The main pollutants 
contributing to toxicity for invertebrates and fish are similar to those reported for the 
TUs calculated using the maximum concentration levels.  Furthermore, little variation 
between years was observed which could be indicative of historical pollution or long 
standing sources of pollution.  This was in contrast to the study of toxicity in Spanish 
river basins which found more variation in the PS contributing to over 95% of toxicity 
The TU concept has been identified as a method of integrating PS monitoring with 
ecological integrity, with this study demonstrating its potential usefulness.  Therefore, 
developing databases of LC50s for all chemical and organisms at all trophic levels 
will assist statutory authorities undertaking such analyses, as will providing guidance 
for methodologies, e.g. whether the use of cumulative toxicity is appropriate for all 
types of PS.  Furthermore, testing the approach by comparison with measures of 
ecological and biological status will also improve confidence in the method and help 
in situations where there are there are few locations where both biological and PS 
are monitored together.  Developing indexes which directly connect chemical and 
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biological elements such as the trait based SPEAR index (von der Ohe et al., 2009)  
for other organisms would be of value to monitoring authorities and stakeholders 
looking to identify risks to the environment and the causes of ecological impairment.  
Other studies have used the TU concept to assess risk in general to the aquatic 
ecosystem.  Here, the reciprocal of the calculated TUs are given a score 
corresponding to different ranges; these are then multiplied by weights assigned to 
different trophic levels, and these are then combined, with the resulting values 
classified as negligible, low, medium, high or very high risk (Finizio, et al., 2001).     
This study’s use of TUs has highlighted their potential value in assessing risk to the 
environment of combined PS concentrations to receptors of concern, thus giving 
additional information to that provided by the assessments of EQS.  The information 
provided by both will be necessary in ensuring that management is adaptive and risk 
based.  The use will be particularly valuable for the updating of monitoring networks 
which have been demonstrated by this study to be not based on risk.  Furthermore, 
methods which enable the causes of ecological impairment to be identified should be 
considered when monitoring networks are designed or updated in order to ensure 
that they are contributing effectively to environmental improvement and the WFD’s 
objective of achieving good status in all water bodies.   
This study has indicated that monitoring frequency is not related the risk of PS failing 
the EQS produced by the EC.  Whilst incorporating risk into the monitoring of water 
bodies is a key concept under the WFD it is relatively new within England (Collins, et 
al., 2012) and this finding suggests that PS monitoring networks for the WFD in the 
Anglian RBD have not been updated as yet.  Monitoring data should feed into risk 
assessment processes which in turn are used to design monitoring networks.  The 
guidance document produced by the EC on monitoring states that this allows for a 
cost effective and targeted approach to monitoring.  However, this will also allow for 
monitoring networks to be iteratively improved, so that monitoring can most easily 
identify concerns at the catchment level. Now that monitoring networks and the 
priority substances directive have been in place since 2006, data are available to 
update the monitoring networks. This will be necessary for the planning of the 
second RBMPs due to be published in 2015.   
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In addition to the WFD a number of research initiatives and projects form the 
European Commission Framework Programme 4-6 have addressed and promoted 
the use of risk based management in relation to the environment (Brils, 2008). A 
Coordination Action programme funded by the EC reviewed and synthesised 
initiatives related to risk based management.  This found that a risk based approach 
based on the three principles of well-informed management, adaptive management 
and a participatory approach was necessary for integrated river basin management 
and the improvement of ecological quality (Brils and Harris, 2009).  Therefore, data 
collected for both surveillance and operational monitoring should be used not only for 
classifications but also analysed for risk assessments so that this can be fed into the 
risk assessment process.  As the risk assessment process is meant to inform the 
design of monitoring networks this would lead to monitoring networks that are 
adaptive.   
The analyses of PS using the SPR framework provides an opportunity to ensure that 
risk is incorporated into monitoring networks.  SPR conceptual models can help to 
identify and test the areas thought to be of most concern, thus ensuring that 
monitoring networks remain focused around clearly defined objectives and 
questions, something identified as being necessary for effective monitoring networks 
(Lindenmayer and Likens, 2009; Likens, 2004).  As the catchment has been 
identified by this study and others as the appropriate level for the design of 
monitoring networks and with a move towards catchment based management of 
water resources, especially within England (Defra, 2012), this provides an 
opportunity to refocus the design of monitoring.  The six year cycle of river basin 
planning introduced by the WFD also provides opportunities to review data to ensure 
an adaptive manner is used.  Furthermore, using a risk based and iterative approach 
to monitoring also provides opportunities to encourage stakeholders’ involvement, as 
required by the Directive.  This is because stakeholders could be involved with the 
perceptions of risk to the environment and identifying sources and pathways 
affecting receptors of concern in the environment.  However, methods to best 
encourage successful engagement with the process will require further consideration 
and testing. 
Despite the benefits of a risk based approach to monitoring and the suggestions to 
enable this identified by this study, there are a number of challenges which will 
133 
remain.  For example, a risk based approach requires flexibility in the location of 
monitoring locations.  The use of analysing monitoring results to enable an adaptive 
approach will be time and resource consuming and will require control to be 
delegated to the river basin or catchment level.  Furthermore, there will need to be a 
balance between the long term monitoring of trends with the need for adaptive risk 
based monitoring.  Therefore, more studies to demonstrate the benefit of the 
approach along with the practicalities may be required.  
6.7 Conclusion  
This chapter has investigated the monitoring of PS, highlighting those that are of 
most concern in the Anglian RBMD.  The challenges of managing these PS 
highlights the need for technical analyses to supplement statutory environmental 
monitoring, linking data collection to decision making process in a clear three step 
process. This is required not only for the risk to the WFD’s objectives to be 
understood but also to support decision makers in the establishment of effective 
environmental management and protection.  Furthermore, in order for its value to be 
maximised statutory required environmental monitoring data needs to be combined 
with additional information such as land use and soil characteristics of catchments.  
This is so that the sources and pathways of PS can be understood allowing for well 
informed and integrated management.  This demonstrates the need for closer 
collaboration and knowledge exchange and generation between statutory bodies, 
experts and stakeholders so that evidence used to inform environmental 
management is robust. 
Incorporating assessments that consider the impact of PS on receptors of concern, 
particularly biological elements as required under the WFD, will also improve 
understanding of the risk PS pose and will enable monitoring effort to reflect this.  
The TU concept has been used here to demonstrate the need to consider the effects 
of combined toxicity on biological elements so that all of the causes preventing the 
achievement of good ecological status can be identified.  Further developing 
methods that enable multiple assessments of different pressures, such as hydro-
morphological alterations, to be considered together, will ensure that it is possible to 
identify the primary causes of environmental degradation and the development of 
fully integrated measures to restore water bodies.  
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This chapter has also highlighted the need for risk to be incorporated into monitoring 
networks, allowing for proportional and efficient monitoring.  This can be done by 
adjusting the monitoring frequency of each PS reflecting the risk to the WFD EQS.  
In consequence of the differences observed by this study, the catchment is the 
recommended level to do this.  Therefore, analyses to improve the understanding of 
the sources and pathways of PS will also allow more targeted and efficient 
environmental monitoring.  
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7  A SYSTEMS APPROACH TO ENVIRONMENTAL 
MONITORING: ENABLING THE DETECTION AND 
MANAGEMENT OF PRESSURES ON FRESHWATER 
ECOSYSTEMS 
7.1 Introduction  
Aquatic ecosystems provide a multitude of ecosystems services upon which we as 
humans are dependent (UN, 2009; UK NEA, 2011). However, despite the 
importance of water resources and our reliance on the services they provide, 
freshwater systems are directly threatened by a multitude of human activities, 
(Vörösmarty et al., 2010), making them one of the most vulnerable habitats on Earth 
(Dudgeon et al., 2006; Millennium Ecosystem Assessment, 2005).  Human activities 
and processes of all types have an ability to affect water resources (UNESCO, 2009) 
and whilst humans’ use of water has brought considerable economic benefits in 
some regions this has also been accompanied by impairment to ecosystems often 
with serious but unquantifiable costs (Vörösmarty et al., 2010). 
Within the European Union the Water Framework Directive (WFD) was implemented 
in 2000 as the European Commission’s response to concerns for the continued 
degradation of aquatic ecosystems (European Commission, 2000).  One of the 
Directive’s main innovations is that it has set targets for both the ecology and 
chemistry of surface waters (Crane, 2007), recognising that ecosystem integrity is 
essential for the provision of the services that aquatic ecosystems can provide.  By 
doing this the Directive shifts the principles of aquatic management towards those of 
Integrated Water Resource Management, acknowledging that an integrated 
approach is required for sustainable water management.  
Under the WFD Member States must prevent the deterioration of water bodies and 
restore degraded water bodies (European Commission, 2000).  In order to enable 
this Programmes of Measures (PoMs) must be outlined in management plans for 
each river basin district. These requirements have changed the role of monitoring in 
the management of surface water bodies as the results of monitoring are now 
required not only to identify where degradation is occurring but also for the 
identification of the causes of that degradation, thereby providing an evidence base 
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for the design of programmes of measures (Vos et al., 2000; European Commission, 
2003 Irvine, 2004; Collins et al., 2012).  In turn programmes of measures should 
reduce or mitigate the effects of pressures of aquatic ecosystems with improvements 
in status resulting (Figure 7.1).  . 
 
Figure 7.1: The process of deciding on the programmes of measures needed to 
restore water bodies 
Without an evidence base that provides an understanding of the processes that 
determine water quality, deciding on the management options for water bodies will 
be akin to a lottery (Harris, 2011) and could therefore be ineffective and costly.  
Despite this, the effects of pressures on the aquatic environment remains poorly 
understood due to their complex interactions.  As a result the identification of the 
main pressures affecting water bodies is often difficult, with management decisions 
often unrelated to monitoring or an evidence base (Hering et al., 2010).  Therefore, 
ways of improving the use of monitoring data in the detection of pressures and 
decision making process are urgently needed, especially ahead of planning for the 
second river basin management plans due in 2015.   
This chapter of work considers the role of data throughout the WFD’s process, first in 
the detection of pressures, then in the decision making process and finally in the 
assessment of measures used to restore aquatic ecosystems.  
137 
7.2 The role of monitoring in the detection of pressures  
In the past there was a reductionist and silo approach to the management of 
environmental problems. This led to scientific knowledge of the physical, chemical or 
biological systems being translated into separate indicators and standards which 
conditions could then be compared to and regulations devised to ensure 
improvements (Glasbergen and Driessen, 2002).  This was reflected by the fact that 
different aspects of water management (e.g. quantity, quality and habitat) were 
monitored individually (Collins et al., 2012) and management decisions to reduce the 
harmful pressures from human activities based directly on those aspects (Figure 
7.2).  Such an approach can be seen as a product of a period which focused on 
pollution prevention as a method to ensure environmental protection (Kaika, 2003), 
along with reliance on supervision and easily enforced regulations (Glasbergen and 
Driessen, 2002).  
 
Figure 7.2: The use of monitoring data prior to the introduction of the WFD  
The WFD now sets out objectives for multiple aspects of the aquatic environment, 
including the protection of aquatic ecosystems and associated wetlands, sustainable 
use of water, mitigation of floods and prevention of pollution of groundwater 
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(European Commission, 2000). If all of these objectives are to be met simultaneously 
a holistic approach to water management must be achieved.  Furthermore, by 
requiring that good ecological status is achieved, the WFD requires that 
management decisions are now based on the effects of pollution in combination with 
other stressors, rather than pollution itself.  By doing this the WFD requires an 
integrated approach that considers all aspects of the aquatic environment.  
Therefore, the ecosystem must be thought of as a system of interconnected aspects 
so that the complexity of environmental problems can be understood. 
An ecosystem is defined as a biological community of interacting organisms and 
their physical environment. Therefore, aquatic ecosystems are affected by abiotic 
factors such as chemistry, hydrology, morphology and other physical factors 
(McGonigle et al., 2012).  The interactions of these create the niches which biotic 
factors have evolved to exploit. Together the abiotic interactions along with 
interactions amongst the biotic components create food webs and ecosystem 
processes and functions at multiple temporal and spatial scales (Atkins et al., 2011).  
When the benefits of these functions to society are recognised it is known as an 
ecosystem service (Fisher et al., 2009).  Such services can be further divided into 
fundamental or intermediate services, which are the bottom up physico-chemical 
regimes that set up the niches within the ecosystem.  The interactions and 
processes of the organisms which colonise these niches are defined as the final 
services that the ecosystem produces.  These interactions can include biology-
biology interactions, such as predator-prey relationships and competition, along with 
modifications of the environment, for example through the removal of organic 
material (Atkins et al., 2011) (Figure 7.3).  
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Figure 7.3: The conceptual links between the abiotic and biotic structural elements 
and ecosystem functioning  
There are a number of pressures that can be introduced to an ecosystem by human 
activities.  These can directly or indirectly alter the abiotic setting or different 
components of food webs, resulting in modifications to ecosystem processes and 
therefore the beneficial ecosystem services provided.  The impact of pressures will 
therefore depend on particular ecological or physiological properties of organism and 
bio-communities, with the intensity, timing and duration of pressures also effecting 
their impact (Stevenson and Sabater, 2010).  Pressures influencing a water body 
may also have synergic, additive or antagonistic effects on the different components 
of the ecosystem (Solimini et al., 2009) with effects that range from transient to 
irreversible (Stevenson and Sabater, 2010).  All of these characteristics make 
understanding pressures on aquatic ecosystems complex and difficult.  However, 
under the WFD all Member States are required to identify all significant 
anthropological and ensure the establishment of programmes of measures which 
address these pressures and enable the objectives of the WFD to be achieved.   
It is clear that a holistic approach to water management will require the role of 
monitoring and its use in decision making to change (Collins et al., 2012).  Such an 
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approach now requires that information from the environment is integrated and leads 
to the development of understanding of the ecosystem, for example, information on 
abiotic stresses such as toxic chemicals and physical modifications of rivers along 
with biotic elements.  Therefore, instead of each element being managed in isolation, 
information is required to be integrated to develop understanding which enables 
coordinated action and management.   
The WFD recognises that ecosystem status is ‘an expression of quality of structure 
and function of aquatic ecosystems associated with surface waters’, in reflection that 
it is the system as a whole that delivers important services and is important for the 
sustainability of water resources rather than individual components.  Annex V of the 
Directive outlines which elements of the ecosystem and their characteristics must be 
monitored by Member States, placing a particular focus on biological elements 
(Logan and Furse, 2002; Collins et al., 2012). Despite outlining which elements must 
be monitored, the assessment and classification process is at the discretion of each 
Member State.   
The majority of Member States have designed their monitoring programmes based 
on the details of Annex V and focused on the monitoring of individual structure 
parameters on the assumption that good quality of such elements corresponds to 
good functioning of ecosystems (Solimini et al., 2009).  Whilst this recognises that 
the biological communities present in a water body are the manifestation of the 
environment created by abiotic elements and ecosystem interactions, it is the overall 
quality of the ecosystem that the WFD seeks to improve rather than the individual 
elements outlined in Annex V of the Directive.  As an ecosystem is more than the 
sum of its parts the monitoring of structural elements will only provide snapshots that 
do not capture the importance and complexity of the interactions and the spatial-
temporal dynamics between the different components in an ecosystem (Borja et al., 
2008).  Furthermore, as structural and functional elements describe different aspects 
of the system, both must be considered if the status of the ecosystem as a whole is 
to be assessed (Gessner and Chauvet, 2002).  Only through an approach which 
considers the whole system will an integrated approach to the management 
pressures in a way that does not lead to unintentional consequences and protects all 
aspects of the ecosystem result (Figure 7.4).   
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Figure 7.4: The use of monitoring data in a systems approach to water management 
An ecosystem has a number of functions thereby representing a number of different 
factors that could be monitored.  However, as a result of natural selection all aquatic 
ecosystems have common characteristics that are fundamental.  These have been 
identified as including; efficient recycling of nutrients, i.e. nutrient parsimony, a 
structure which reflects adaptation of organism to environmental drivers such as 
climate and hydrology (e.g. food chains that regulate populations), connectivity 
among ecosystems which allows for resilience to changes in the environment, and 
being of a sufficient scale to provide large enough gene pools and refuges to 
disturbances (Moss, 2008).  Whilst the monitoring and assessment of abiotic and 
biotic elements of surface water bodies may be used to provide indicators of 
ecosystem function, the addition of more fundamental characteristics of function will 
allow for a more comprehensive understanding of ecosystem and enable improved 
understanding of how ecosystems respond to human disturbances (Figure 7.4).   
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Pressures within ecosystems often cause multiple changes to ecosystems, for 
example the addition of excess nutrients to a lake may cause deoxygenation of the 
water column, algal blooms and changes to macrophytes, macro-invertebrates and 
fish.  As the biological elements within an ecosystem are not independent, a 
pressure may have indirect effects on biological element as a result of a direct 
impact on another.  Additionally, responses to pressures from biological metrics 
designed to assess quality are often complex and further complicated by the 
synergistic effect of some pressures (Hatton-Ellis, 2008).  Therefore, the 
measurement of biological elements alone may not provide the information required 
to identify the pressures influencing the ecosystem. It has also been demonstrated 
that there may be different responses of an ecosystem to pressures including 
structural changes without the modification of functional parameters, functional 
changes without the alteration of community structure and changes in both structure 
and function (Young et al., 2009; Riipien et al., 2009).  Due to this incorporating 
assessments of both structural and functional elements may assist in the 
determination of which pressures require mitigation to maintain or improve the 
services of importance to societies.  
7.3 The role of monitoring in the selection of measures to reduce 
pressures  
Increased information regarding the environment can lead to improved 
understanding regarding the effects of pressures. However, unless this is coupled 
with management actions, improvements in the environment will not occur and 
degradation may continue.  During the first river basin planning phase the linking of 
evidence to planned measures was limited and continues to be a challenge for the 
implementation of the WFD (Hering et al., 2010). Therefore, frameworks which 
couple information with decision making processes are needed.  Not only will this 
ensure that the use of information, which is costly to gather, is maximised, it will also 
encourage efficiencies and improvements in the collection of data and promote 
transparent and evidence based decision making.  
The objectives of management of land, water and living resources are matters of 
societal choices (CBD, 2000), with governments and decisions makers aiming to 
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manage resources sustainably in order to ensure human well-being.  Often there are 
tradeoffs between agricultural and urban services with aquatic ecosystems, with 
impairment increasing as human use increases (Stevenson and Sabater, 2010). 
Therefore, societies must determine which levels of activities are acceptable in order 
to meet their needs and expectations. Due to the integrated nature of water with 
economic and social activities and the unique interactions of these in each river 
basin, science and technological advances alone will not be able to provide 
sustainable solutions for the protection and restoration of aquatic ecosystems (Pahl-
Wostl and Hare, 2004). However, as effective management of aquatic environment 
depends on an understanding of the environmental processes and pressures 
effecting it (Hatton-Ellis, 2008), research will have a clear role to play in aiding the 
understanding of the complexity of environmental problems.   
In order to ensure that the decision making process is based on sound information, 
environmental monitoring needs both to describe the condition of surface water 
bodies and also contribute to the understanding of ecological processes and 
pressures which determine quality and the services provided (Woodward et al., 
2010).  Research is required to quantitatively understand the relationships between 
pressures, biological condition and ecosystem functioning and services (Stevenson 
and Sabater, 2010).  Furthermore, as pressures rarely act in isolation, research is 
required to contribute to the understanding of how pressures interact so that they 
can be differentiated and identified (Woodward et al., 2010).   
The acquisition of large amounts of biological data across Europe, in response to the 
WFD requirements, provides an opportunity to improve understanding and 
knowledge of the structure of ecosystems (Birk et al., 2012).  For example, the EU 
funded project WISER (Water bodies in Europe: Integrative Systems to assess 
Ecological status and Recovery) aimed to address the gaps in the understanding of 
the response of assessments of biological elements to pressures.  Findings 
demonstrated that response to pressures varies between organism groups, water 
body types and stressors (Hering et al., 2013). This not only contributes to the 
understanding of the links between pressures and structural elements of the 
ecosystem but also to the effective design of monitoring networks. Under the WISER 
project Dahm et al. (2013) demonstrated that routine monitoring conducted under the 
WFD in Germany and Austria could be used to investigate responses of the 
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organism groups to hydro-morphology, physico-chemistry, and riparian and 
catchment land-use at a broad scale level and thus aid the identification of trends.  
However, more subtle effects of local-scale stressors may require stream type-
specific approaches (Dahm et al., 2013).  Furthermore, whilst such studies have 
viewed each biological element individually, understanding is also required regarding 
the interactions between biological elements and how this influences the ecosystems 
functions and services upon which human societies depend.  Without this 
knowledge, the management of each biological element in isolation may occur, 
rather than the integrated approach that is required for sustainable management. 
Research is also required to enable tools to predict future ecological changes in 
response to pressures (Hering et al., 2013).  Not only is prediction the ultimate test 
for scientific understanding and research (Woodward et al., 2010), but is necessary if 
degradation is to be avoided in the first place.  This is because an ability to predict 
the changes of ecosystems to pressures will aid societies’ understanding of the 
tradeoffs between different activities affecting surface water bodies and the provision 
of ecosystem services, thus providing more complete information upon which 
decisions can be made. Quantifying relationships between pressures, ecological 
condition, function and services will also enable thresholds in ecological responses 
to pressure gradients to be established. This will enable decision makers to decide 
upon levels of pressures where the risk of undesired changes to services increases 
unacceptably, thereby prompting action (Stevenson and Sabater, 2010).   
Whilst it will not be possible to understand every component of all ecosystems and 
research cannot be conducted at the level of every water body, existing knowledge 
of ecosystems needs to be built on efficiently (Stevenson and Sabater, 2010; 
Woodward et al., 2010), with easy knowledge exchange and communication 
required.  As a way to ensure this, Stevenson and Sabater (2010) promote 
recognising the similarities in sets of pressure within classes of human of activities, 
leading to the classification of pressures based on their actions, spatial and temporal 
scale and the direct effects of their actions. Such an approach could aid research by 
focusing on understanding the response of ecosystems to pressures and by 
comparing similarities and differences between them, contribute to understanding 
multi-pressure situations.  Furthermore, classifying and grouping pressures will 
facilitate the transfer of knowledge between regions of similar characteristics and 
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allow comparison of how ecological responses vary in differing types of surface 
water bodies.   
It is clear that monitoring and scientific research provide a crucial link between the 
ecosystem and the decision making process (Figure 7.5).  The monitoring of the 
environment provides information which through scientific assessment and testing of 
ecological theory can further understanding. When this is coupled with 
understanding of the human aspects of the system and communicated effectively 
into the decision making process then measures which effectively reduce the impact 
of human activities can be designed.  
 
Figure 7.5: A conceptual diagram of the links between ecosystems and decision 
making processes  
7.4 The role of monitoring in the evaluation of measures 
effectiveness 
Monitoring and understanding will not only have a role in aiding decision making but 
also in assessing the effectiveness of measures implemented to reduce pressures.  
These are particularly required as there have been relatively few studies that have 
assessed the effectiveness of restoration schemes objectively (Feld et al., 2011) 
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despite the large amount of money they require.  For example, of 40,000 restoration 
operations in the US only around 10% have included any form of monitoring or 
evaluation (Palmer et al., 2007).  This has resulted in concerns for the scientific 
foundation and validity of a number of restoration programmes (Friberg et al., 2011).  
Furthermore, prior to the introduction of the WFD most restoration measures 
attempted to address single aims (Muotka et al., 2002), with improvements for sport 
fishing most common (Muotka et al., 2002; Roni et al., 2008).  Whilst some of these 
measures were found to provide additional benefits to other groups of organisms 
(Muotka et al., 2002), as the WFD now requires good ecological integrity to be aimed 
for more, integrative measures to assess restoration techniques are now necessary.   
The Before-After-Control-Impact-Paired-Series approach to monitoring design is 
considered to be one of the best for monitoring ecological recovery.  This enables 
the effects of restoration to be determined from other environmental factors.  Despite 
this, such an approach is usually only found in experimental design, with the 
monitoring of restoration usually following the before and after sampling design. 
(Feld et al., 2011; Friberg et al., 2011)  However, restoration measures are not 
always conducted where there is prior information on the state of the environment, 
making it difficult to judge whether restoration has been a success (Feld et al., 2011).  
Where this is the case a space-for-time-substitution design is usually used.  Here the 
restored section is compared to an un-restored section, usually further upstream, 
outside of the restored reach (Hey et al., 1994; Haase et al., 2012).   
Only from monitoring of biological and environmental changes after restoration can 
new knowledge on recovery processes be gained and implemented (Verdonschot et 
al., 2012).  Furthermore, due to the legal requirements of the WFD, information is 
particularly needed on how WFD compliant assessments will respond.  However, 
because most of these assessments have been developed relatively recently their 
response to restoration has not yet been analysed. Therefore, as the first river basin 
management cycle of the WFD is coming to an end and as planning for the second 
cycle begins, considering how restoration measures are evaluated will be necessary. 
Ensuring that the assessment of restoration measures is incorporated into the design 
of monitoring networks could generate a wealth of information which has the 
potential to inform future restoration efforts and improve understanding of ecological 
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responses. As most WFD assessments are calibrated for typology and reference 
conditions they are expected to  be adequate in detecting improvements in quality 
associated with restoration as well as degradation (Haase et al., 2012).  It will also 
be necessary to use the same approaches and assessments that were used to 
identify the pressures restoration is addressing, in order judge whether rehabilitation 
methods have been successful in achieving their desired aim (Barbour and Paul, 
2010).  Using the actions outlined in one of the river basin management plans in 
England, potential indicators of restoration and the methodology for assessments are 
outlined (Table 7.1), providing an example of how restoration actions could be 
evaluated.  The classification of pressures as outlined by Stevenson and Sabater 
(2010) is also used in order to facilitate comparisons with pressures and restoration 
measures in other river basins.  
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Table 7.1: Pressures and the measures to address them for the Broads catchment (adapted from Environment Agency, 2009), 
matched to classifications of pressures (adapted from Stevenson and Sabater, 2010), biological indicators of improvements and 
related assessment methods   
Pressure to be 
addressed  
What will happen Classification of pressure Biological 
measures of 
improvement  
Assessment 
methodology  
Pressure’s 
type 
Pressure’s 
mode of 
action 
Pressure’s 
direct 
effects on 
organisms 
Abstraction Extension of abstraction control to 
include previously exempt uses 
Habitat Indirect  Complex Macrophytes   LEAFPACS 
Fish  FCS 2 
Physical modification  River restoration to mitigate the impacts 
of hydro-morphological modifications 
where applicable 
Habitat Indirect Complex Macrophytes  LEAFPACS 
Phytobenthos DARES 
Sediments (as a 
direct pollutant) 
Broads Sediment Management 
Strategy. data gathering, source control 
measures, programme of dredging, 
beneficial reuse etc 
Contaminant Direct  Toxic Benthic 
Invertebrates  
RICT 
Organic pollutants; 
Nutrients; 
Abstraction and 
other artificial flow 
pressures 
Halvergate Marshes Water Strategy. 
Developed to meet the needs of both 
grazing and conservation for water 
quality, quantity and level 
Habitat  Indirect  Resource Macrophytes  LEAFPACS 
Phytobenthos DARES 
Benthic 
Invertebrates c 
RICT 
Priority Hazardous 
Substances, Priority 
Substances and 
Specific Pollutants 
Hickling Broad –Drain diversion to 
removes ochre from the Site of Special 
Scientific Interest. 
Contaminant Direct  Toxic Benthic 
Invertebrates  
RICT 
Sediments (as a 
direct pollutant) 
Mud On Road Campaign -reports sent 
to Environment Agency and 
Contaminant Direct Toxic Benthic 
Invertebrates  
RICT 
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Pressure to be 
addressed  
What will happen Classification of pressure Biological 
measures of 
improvement  
Assessment 
methodology  
Pressure’s 
type 
Pressure’s 
mode of 
action 
Pressure’s 
direct 
effects on 
organisms 
investigated  
Sediments (as a 
direct pollutant) 
Ochre and Salinity Management Plan to 
reduce loads to the Broads 
Contaminant Direct Toxic Benthic 
Invertebrates 
RICT 
Physical modification Diversify in-stream habitat for fish and 
invertebrates through introduction of 
coarse woody debris. 
Habitat  Indirect  Complex Benthic 
Invertebrates  
RICT 
Fish  FCS 2 
Direct biological 
pressures 
Pennywort control on River Waveney 
and Rockland Board 
Habitat  Indirect  Complex Macrophytes  LEAFPACS 
Priority Hazardous 
Substances Priority 
Substances and 
Specific Pollutants; 
Sediments (as a 
direct pollutant) 
Proposed actions include reducing 
impoundments on the river, restoring 
the gravel beds, narrowing the channel, 
increasing the amount of woody 
material and modifying the weed cutting 
regime at critical phases of fish life 
cycles. 
Habitat  Indirect  Complex Macrophytes  
Fish 
Benthic 
Invertebrates 
LEAFPACS 
FCS2 
RICT 
Physical 
modification; 
Sediments (as a 
direct pollutant); 
Nutrients 
Catchment approach to sediment 
management to reduce inputs and 
balance with dredging  
Habitat/ 
Contaminant  
Indirect/ 
Direct 
Complex/ 
Toxic/ 
Resource 
Macrophytes  LEAFPACS 
Benthic 
Invertebrates 
RICT 
Physical modification Managed re alignment to create 
additional freshwater habitat 
Habitat  Indirect  Complex Macrophytes  LEAFPACS 
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Pressure to be 
addressed  
What will happen Classification of pressure Biological 
measures of 
improvement  
Assessment 
methodology  
Pressure’s 
type 
Pressure’s 
mode of 
action 
Pressure’s 
direct 
effects on 
organisms 
Physical modification The project involves recreating wetland 
habitats lost to arable farming, 
promoting more sustainable low input 
farming practices and creating a 
landscape of high value that is easily 
accessible and valued by local people 
and visitors alike. 
Habitat  Indirect  Complex Macrophytes LEAFPACS 
Phytobenthos DARES 
Physical modification Installation of a permanent eel pass 
and trap at for recording silver eel 
migration. 
Habitat Direct Complex - - 
Physical modification Replace existing hard defences with 
realigned banks and softer reed beds or 
soft erosion protection materials 
Habitat  Indirect  Complex Macrophytes  LEAFPACS 
Nutrients; Organic 
pollutants 
Leaflets sent to each package 
treatment plants owner on the Broads 
raising awareness of problem of 
phosphates being discharged from 
small private and promoting reduced 
detergent use. 
Contaminant Direct Resource Macrophytes  LEAFPACS 
Phytobenthos DARES 
Benthic 
Invertebrates 
RICT 
Physical 
modification; 
Sediments (as a 
direct pollutant) 
Education campaigns to increase 
awareness of boat wash, and its 
impacts. 
Habitat  Indirect Complex Macrophytes LEAFPACS 
Priority Hazardous 
Substances, Priority 
Substances and 
Education of best practice for anti 
fouling. 
Contaminant Direct Toxic Benthic 
Invertebrates  
RICT 
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Pressure to be 
addressed  
What will happen Classification of pressure Biological 
measures of 
improvement  
Assessment 
methodology  
Pressure’s 
type 
Pressure’s 
mode of 
action 
Pressure’s 
direct 
effects on 
organisms 
Specific Pollutants 
Sediments (as a 
direct pollutant); 
Nutrients; Physical 
modification 
Ormsby Board mud pumping 
(dredging). 
Contaminant/ 
Habitat 
Direct/ 
Indirect 
Toxic/ 
Resource 
Macrophytes  LEAFPACS 
Phytobenthos  DARES 
Benthic 
Invertebrates  
RICT 
Organic Pollutants 
(BOD, Ammonia) 
Improved treatment at five sewage 
treatment works to ensure no 
deterioration in river quality for BOD 
and Ammonia 
Contaminant Direct Resource Benthic 
Invertebrates  
RICT 
Nutrients 
(Phosphate) 
Improvement of water company assets 
for phosphate removal to achieve 
compliance with WFD 
Contaminant Direct Resource Macrophytes  LEAFPACS 
Phytobenthos DARES 
Abstraction and 
other artificial flow 
pressures 
Modification of Abstraction licence to 
ensure no adverse effect on integrity of 
Natura 2000 site: 
Habitat  Indirect Complex Macrophytes LEAFPACS 
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Whilst the use of approved assessments will be necessary to judge the success of 
restoration measures under the WFD, the measurement of changes to ecosystem 
function may provide further indication and understanding of restoration.  This will be 
needed as it has been demonstrated that ecological functions respond more 
positively to restoration measures and return quicker than aquatic assemblages 
(Jähnig et al., 2011; Lepori et al., 2005). Furthermore, re-establishing all native 
species after degradation may not be possible (Palmer et al., 1997).  The use of 
ecosystem functioning will also facilitate the identification of the ecosystem services 
that have improved due to restoration measures.  Whilst ecosystems services are 
judged by the value societies place on them, without measures of the processes that 
deliver them there will be no way to know whether restoration has successfully 
improved the delivery of such services (Palmer and Filoso, 2009).  Not only will such 
assessments be needed to demonstrate that restoration has achieved its aim, it may 
also be needed to secure continued support from policy makers and societies which 
fund such projects.  
As most legislation has focused on the monitoring of structural elements, the use of 
functional metrics in the assessment of surface waters is rare and despite research 
in the area such assessments remain in the early stages of development (Friberg et 
al., 2011).  However, functional elements have been used to assess a number of 
restoration projects.  For example, Lepori et al. (2005) investigated the effects of 
measures to mitigate the channelization through the introduction of boulders on 
decomposition rates in Swedish rivers. This measured the retentiveness and 
breakdown of coarse particulate organic matter along with other physiochemical 
measures in restored and channelized stretches of river. Findings demonstrated that 
coarse particulate organic matter retentiveness indicated that the density of boulders 
and submerged woody debris reflected most strongly and was significantly higher in 
restored sections compared to channelized and reference stretches.  The use of leaf 
decomposition has long been promoted as an indicator of ecosystem processes in 
rivers, in reflection of the importance the decomposition of matter has on ecosystem 
functioning but also due to the relative ease in measurement (Friberg et al., 2011).  
Leaf decomposition can be strongly affected by human activities and pressures on 
an ecosystem (Young et al., 2009).  Therefore, such measures could provide 
indications of whether measures to reduce pressures on ecosystems have been 
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successful (Table 7.2). However, leaf decomposition rates also vary considerably 
due to natural conditions which must be taken into consideration (Young et al., 
2009).   
Measures of ecosystem metabolism have received a lot of attention due to their 
ability as an indicator of ecosystem processes (Friberg et al., 2011).  Measures of 
ecosystem metabolism include gross primary production, photosynthesis and 
ecosystem respiration.  The comparisons of these measurements provide 
information on how much organic carbon is produced and consumed in rivers and 
thus how energy is transferred through ecosystems.  Furthermore, such measures 
respond to many physical and chemical stressors which has been widely 
investigated (Young et al., 2009).  Therefore, in understanding of changes in gross 
production, photosynthesis and respiration in response to pressures, the impact of 
restoration measures could be assessed (Table 7.2).  Cardinale et al. (2002) 
demonstrated that the primary respiration of algae and the respiration of the benthic 
bio-film responded quickly and significantly to increasing heterogeneity of substrate.   
Table 7.2: Pressures and the measures to address them for the Broads catchment 
(Environment Agency) 2009) matched to functional responses that could be used to 
indicate the success of restoration adapted from (Young et al., 2009) 
Pressure to be 
addressed  
What will happen Potential functional response to 
success of measure 
Abstraction Extension of abstraction control 
to include previously exempt 
uses 
? 
Physical 
modification  
River restoration to mitigate the 
impacts of hydro-morphological 
modifications where applicable 
Leaf decomposition faster with  
introduction of wooded debris 
Leaf decomposition faster where 
channelization reversed 
Sediments (as a 
direct pollutant) 
Broads Sediment Management 
Strategy. data gathering, 
source control measures, 
programme of dredging, 
beneficial reuse etc 
Leaf decomposition faster with 
reduction of sediment 
Increase GPP with decrease in 
sedimentation 
Organic pollutants; 
Nutrients; 
Abstraction and 
other artificial flow 
pressures 
Halvergate Marshes Water 
Strategy. Developed to meet 
the needs of both grazing and 
conservation for water quality, 
quantity and level 
Leaf decomposition slower with 
reduction of organic matter and 
nutrients 
Decrease in GPP with decrease 
in nutrients 
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Pressure to be 
addressed  
What will happen Potential functional response to 
success of measure 
Decrease in ER with decrease in 
organic pollution 
Priority Hazardous 
Substances, Priority 
Substances and 
Specific Pollutants 
Hickling Broad –Drain diversion 
to removes ochre from the Site 
of Special Scientific Interest. 
Increase GPP with decrease in 
sedimentation 
Increase in GPP and ER with 
decrease in toxins 
Sediments (as a 
direct pollutant) 
Mud On Road Campaign -
reports sent to Environment 
Agency and investigated 
Leaf decomposition faster with 
reduction of sediment 
Sediments (as a 
direct pollutant) 
Ochre and Salinity 
Management Plan to reduce 
loads to the Broads 
Increase GPP with decrease in 
sedimentation 
Physical 
modification 
Diversify in-stream habitat for 
fish and invertebrates through 
introduction of coarse woody 
debris. 
Leaf decomposition faster with  
introduction of wooded debris 
Direct biological 
pressures 
Pennywort control on River 
Waveney and Rockland Board 
Leaf decomposition faster with 
reduced cover 
Priority Hazardous 
Substances, Priority 
Substances and 
Specific Pollutants; 
Sediments (as a 
direct pollutant) 
Proposed actions include 
reducing impoundments on the 
river, restoring the gravel beds, 
narrowing the channel, 
increasing the amount of 
woody material and modifying 
the weed cutting regime at 
critical phases of fish life 
cycles. 
Leaf decomposition faster with  
introduction of wooded debris 
Physical 
modification; 
Sediments (as a 
direct pollutant); 
Nutrients 
Catchment approach to 
sediment management to 
reduce inputs and balance with 
dredging  
Leaf decomposition faster with 
reduction of sediment 
Increase GPP with decrease in 
sedimentation 
Physical 
modification 
Managed re alignment to 
create additional freshwater 
habitat 
Leaf decomposition faster where 
channelization reversed 
Physical 
modification 
The project involves recreating 
wetland habitats lost to arable 
farming, promoting more 
sustainable low input farming 
practices and creating a 
landscape of high value that is 
easily accessible and valued by 
local people and visitors alike. 
Leaf decomposition faster with 
diversification of habitat but  
slower with reduction of organic 
matter and nutrients 
Decrease in GPP with decrease 
in nutrients 
Decrease in ER with decrease in 
organic pollution 
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Pressure to be 
addressed  
What will happen Potential functional response to 
success of measure 
Physical 
modification 
Installation of a permanent eel 
pass and trap at for recording 
silver eel migration. 
- 
Physical 
modification 
Replace existing hard defences 
with realigned banks and softer 
reed beds or soft erosion 
protection materials 
Leaf decomposition faster where 
channelization reversed and 
habitat diversified 
Nutrients; Organic 
pollutants 
Leaflets sent to each package 
treatment plants owner on the 
Broads raising awareness of 
problem of phosphates being 
discharged from small private 
and promoting reduced 
detergent use. 
Leaf decomposition slower with 
reduction of organic matter and 
nutrients 
Decrease in GPP with decrease 
in nutrients 
Decrease in ER with decrease in 
organic pollution 
Physical 
modification; 
Sediments (as a 
direct pollutant) 
Education campaigns to 
increase awareness of boat 
wash, and its impacts. 
Increase GPP with decrease in 
sedimentation 
Priority Hazardous 
Substances, Priority 
Substances and 
Specific Pollutants 
Education of best practice for 
anti fouling. 
Leaf decomposition faster with 
reduction of toxic chemicals 
Increase in GPP and ER with 
decrease in toxins 
Sediments (as a 
direct pollutant); 
Nutrients; Physical 
modification 
Ormsby Board mud pumping 
dredging). 
Leaf decomposition faster with 
reduction of sediment  
Increase GPP with decrease in 
sedimentation 
Organic Pollutants 
(BOD, Ammonia) 
Improved treatment at five 
sewage treatment works to 
ensure no deterioration in river 
quality for BOD and Ammonia 
Leaf decomposition slower with 
reduction of organic matter 
Decrease in ER with decrease in 
organic pollution 
Nutrients 
(Phosphate) 
Improvement of water company 
assets for phosphate removal 
to achieve compliance with 
WFD 
Leaf decomposition slower with 
reduction of nutrients 
Decrease in GPP with decrease 
in nutrients 
Abstraction and 
other artificial flow 
pressures 
Modification of Abstraction 
licence to ensure no adverse 
effect on integrity of Natura 
2000 site: 
? 
The use of measures of functional processes such as leaf decomposition and 
ecosystem metabolism will need to be tailored to specific conditions.  This is 
because a number of processes vary with natural conditions (e.g. decomposition 
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rates vary with longitudinal position).  Furthermore, human pressures may co-occur 
and have either complementary or antagonistic effects on ecological processes, 
thereby making it difficult to understand the expected response to restoration 
measures (Young et al., 2009).  Despite these difficulties, the use of ecosystem 
processes to judge the effectiveness of restoration measures will encourage 
consideration for the complex within ecosystems and therefore integrated 
approaches to address pressure. Additionally, by attempting to understand the 
responses of ecological processes to restoration measures, greater understanding of 
why some measures are unsuccessful may be gained, thus facilitating an adaptive 
process to ecological management and hopefully the success of future measures.  
7.5 Discussion  
It is well understood that environmental management cannot operate effectively 
without reliable information on changes to the environment and the causes of those 
changes (Vos et al., 2000). Due to this there are increasing calls for science to 
provide information for environmental decision making (Liu et al., 2008).  However, 
the best way for science to support environmental protection and restoration often 
remains unclear (Cash et al., 2003; Reichert et al., 2007).  Therefore, there is a need 
to explore the linking of environmental monitoring to decision making and for 
frameworks to be developed which specify this. 
The need for sound information on the cause of environmental degradation is 
especially needed when integrated approaches to water management are sought.  
This is because the environmental pressures effecting ecosystems are complex, 
often with synergist or antagonistic actions and therefore information is needed 
which enables effective management without negative unforeseen consequences.  
An integrated approach which enables this is in contrast to more historical 
approaches to water management which attempted to resolve different challenges to 
water management in isolation.  The need to address this approach, so that 
sustainable management can be achieved, is recognised by the WFD, thereby 
causing a change in the monitoring of surface water bodies and its use in the 
decision making process (Collins et al., 2012).  Despite the WFD being in place for 
over 10 years the linking of monitoring to decision making remains a challenge 
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(Hering et al., 2010).  This will need to be addressed as soon as possible as 
planning for the second RBMPs, due in 2015, will soon begin.  
This chapter has demonstrated that monitoring provides a crucial link between the 
ecosystem and the decision making process.  However, assessment of monitoring 
data is needed along with research in order to ensure it generates understanding 
that can be integrated into the socio-political decision making process.  Therefore, 
monitoring must be more than describing the condition of the environment or 
compliance with the WFD’s objectives, but to also generate information that enables 
action to prevent or reverse degradation.  
The potential role that assessing ecosystem functions can have in aiding the 
decision making process has also been demonstrated in this chapter.  Despite 
assessments of ecosystem function being relatively unused, with most Member 
States focusing assessment methods on structural elements (Friberg et al., 2011), 
the addition of assessment of ecosystem functioning, whilst not necessitated by 
legislation, can have a number of benefits that could enable the holistic philosophy of 
the WFD to be realised.  Ecosystem functions are a result of the abiotic and biotic 
interactions (Moss, 2008; Solimini et al., 2009). Therefore, their monitoring enables a 
more comprehensive assessment of the aquatic environment (Gessner and 
Chauvet, 2002) and stimulates more in depth understanding of the complexities of 
ecosystems and the pressures affecting them.  This will be required for a systems 
approach to the management of surface water bodies and catchments which can 
facilitate more integrated and sustainable decisions to be made.  Without the 
addition of measures of ecosystem functioning it might be tempting to focus on solely 
improving the structural elements required by legislation which could result simply in 
a variation on the past’s silo approach.   
When ecosystem processes generate benefits recognised by societies, ecosystem 
services are produced (Mee et al., 2008; Palmer and Filoso, 2009). Therefore the 
monitoring of ecosystem functioning can also facilitate the understanding of 
societies’ dependency on natural processes, which may be necessary to prompt 
action regarding environmental protection. Furthermore, the use of ecosystem 
functioning may encourage restoration measures to be more closely linked to 
science and ecological theory, something which has been criticised as lacking (Feld 
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et al., 2011; Friberg et al., 2011; Palmer et al., 2007), thereby improving the links 
between scientific research and understanding within the decision making process.  
Incorporating assessments of ecosystem function into assessment of the quality of 
aquatic ecosystems may also help to take into account the impacts of climate 
change.  This is because it may not be possible for the species anticipated under the 
reference conditions, to be present at certain locations due to a change in climate 
(Moss, 2008; Nõges et al., 2007).  Furthermore, it is anticipated that due to climate 
change species may shift the range they occupy in response to a change in climate, 
as has been demonstrated for a number of macro-invertebrate species (Hickling et 
al., 2005) along with a wide range of other species (Parmesan, 2006).  However, if 
species shift to fill the available niches in an ecosystem, allowing it to continue to 
function, then the health of the ecosystem and the services which it provides will not 
be compensated.  Assessments of function would thus enable determination of the 
state of the ecosystems regardless of climate change preventing the achievement of 
pre-determined reference conditions and associated species lists.  
In order to ensure assessments of ecosystem functioning can be used in decision 
making there are a number of research needs. Research is particularly needed to 
improve the understanding of how biological elements interact with other structural 
elements and contribute to ecosystem functioning. Understanding of how pressures 
interact with each other and all elements within the system is also required to ensure 
that measures to improve surface water bodies are appropriately selected.  With the 
monitoring requirements of the WFD large amounts of data are being generated 
across Europe. This provides an opportunity to contribute to such understanding.  
European Commission funded projects, such as the WISER project, could focus on 
this, along with looking at similarities and differences across Europe to improve 
understanding of how geology and climate affect the processes within aquatic 
ecosystems. The use of demonstration areas such as the Living With Environmental 
Change project’s test demonstration catchments (Demonstration Tests Catchments, 
2013) can also be valuable in investigating key research areas.  The use of routine 
monitoring at the country level to improve understanding of how biological elements 
respond to different pressures has also been demonstrated (Dahm et al., 2013).  
Therefore, statutory bodies could organise their activities to ensure that monitoring 
159 
data is not only contributing to statutory compliance but also to understanding that 
could facilitate the decision making process.  
Research should be organised in such a manner that allows the easy transfer of 
knowledge.  This is needed as it will not be possible to conduct research on every 
water body.  Categorising pressures, in terms of type, mode of action and effect on 
organism, could be used to assist with this (Stevenson and Sabater, 2010) and can 
easily be done for the pressures outlined in river basin management plans, as 
demonstrated by this chapter.  Furthermore, it would encourage classification of the 
pressures associated with different human activities (Stevenson and Sabater, 2010).  
This may be needed as one activity may result in multiple pressures that may not act 
on the ecosystem in a similar way.  For example, land clearance for agriculture may 
result in high nutrient inputs, stimulating algal and macrophytes growth but also an 
increase in sediment and heavy metals which could counteract this (Young et al., 
2009). Therefore, thinking in terms of suits of pressures and predicting the response 
of ecosystems to them would aid the selection of measures for restoration by 
realising that multiple responses are related rather than independent. Such an 
approach will also allow easy comparison of management approaches to similar 
environmental pressures.  
In order for the research highlighted here to be generated, management authorities 
must be open to sharing data collected from monitoring programmes and encourage 
discussion and debate.  In turn, research needs to be conducted in a collaborative 
and knowledge sharing manner with decision makers and stakeholders, so that 
research can adequately address challenges at local levels. Due to the unique 
social, economic and environmental characteristics of each river basin, a 
participatory process will be required to ensure that knowledge is applied in an 
appropriate manner.  This will be particularly necessary as ecosystems services 
enjoyed by societies will be subjective and vary between regions.  Therefore, 
collaboration is required for the true understanding of how human activities impact 
the services provided by ecosystems and the implications of decisions employed to 
manage them.  
The need to consider the monitoring of restoration measures has also been 
highlighted by this chapter and examples of the indicators that could be used to do 
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this have been provided.  Now that the first planning phase of the WFD is coming to 
an end and planning is starting for the second, there is an urgent need to consider 
this so that assessments of the efficiency of measures can begin.  In addition to the 
WFD compliant assessments that have been used to determine the need for 
measures, this chapter has also demonstrated that assessments of functional 
processes could be used.  Leaf decomposition rates are popular methods to assess 
ecosystem processes due to the ease of measurement and the importance of 
decomposition in supporting ecosystems (Friberg et al., 2011). The use of 
ecosystem metabolism, whilst requiring more significant measurements, can provide 
assessment of multiple processes (e.g. photosynthesis compared to community 
respiration) which can provide further indications of the interactions within the 
ecosystem (Young et al., 2009).   
It will be important to tailor the measurement of ecosystem pressures to the 
individual circumstances, due to processes varying in response to natural conditions 
and the fact that pressures can have either confounding or antagonistic effects 
(Young et al., 2009).  Therefore, using ecosystem processes can be seen as testing 
hypothesis of how ecosystems respond, leading to the development of 
understanding and an adaptive approach to ecosystem management.  Designing the 
monitoring of ecosystem processes to indicate restoration success, at the time that 
restoration measures are designed, may promote greater consideration of the 
interactions between ecosystem services so that measures are selected 
appropriately.  The use of ecosystem processes may also indicate the success of 
restoration quicker than the use of structural assessments (Jähnig et al., 2011; 
Lepori et al., 2005). This is because species other than those required by biological 
metrics may respond more strongly to the reduction in pressures and re-colonise 
quicker, thereby filling the niche required for ecosystem processes (Palmer et al., 
1997).  With the uncertainty regarding how the range of individual species may 
respond to changes in climate this may become increasingly important (Moss, 2008).  
The use of ecosystem processes may also aid the understanding of restoration 
measures by being more closely linked to the ecosystem services required by 
societies (Palmer and Filoso, 2009).  This will be important to ensure support for 
restoration effects continue. Furthermore, incorporating the perspectives of a wide 
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range of stakeholders in the assessment of restoration measures will provide a fuller 
picture of success (Jähnig et al., 2011).  
It is essential that the knowledge gained from monitoring and research is adequately 
communicated so that it can be incorporated into the decision making process.  
Therefore, scientists and researchers will have a key role to play in, not only the 
generation of understanding, but also in its communication.  Including the human 
dimension of interactions with the aquatic ecosystem will be particularly important in 
this so that a full systems approach can be applied.  Therefore, exploring methods 
which communicate and integrate understanding of the ecosystem with the socio-
political context are required.  Frameworks such as the one presented in this chapter 
help to clarify the roles within the decision making process and assist with the 
recognition that collaborative and multi-disciplinary approaches are needed in order 
to tackle the challenge of sustainable water and catchment management.  
7.6 Conclusions 
Under integrated approaches monitoring is required not only describe the condition 
of the environment but to provide comprehensive understanding of aquatic 
ecosystems so that pressures can be managed in a sustainable manner.  Therefore, 
as the WFD has required a shift in water management towards the IWRM principles 
the role of monitoring in decision making processes will also required adapting.  
A systems approach to aquatic ecosystems will enable the identification of 
pressures.  Under such an approach understanding of the interactions between the 
abiotic, biotic and functions of the ecosystem is aimed for, so that effects of 
pressures on all aspects of the ecosystem can be identified.  In order to do this the 
monitoring of ecosystem functioning along with the structural elements required 
under the WFD will be necessary.  This is because ecosystem functioning reflects 
the complexity and dynamics between elements within the ecosystem rather than 
snapshots of components.  
This chapter has demonstrated that monitoring provides the link between the 
ecosystem and the decision making process.  However, it must contribute to the 
understanding of the system and the impacts humans can have on it.  Therefore, 
scientists and researchers are required to, not only contribute to this understanding 
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but to also communicate it to the socio-political process deciding the measures used 
to reduce pressures on aquatic ecosystems.  Therefore, frameworks such as the one 
developed in the chapter are needed to clarify the role of monitoring and to 
encourage a collaborative, knowledge sharing approach to water management.   
The monitoring of the measures implemented will be essential in order to assess 
their effectiveness.  This chapter has provided examples of how through the 
monitoring of both structural and functional elements.  Information gained from such 
monitoring will contribute to our understanding of how ecosystems respond to 
pressures and will also encourage adaptive responses to ecological management.  
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8 THE ROLE OF STAKEHOLDER PARTICIPATION IN THE 
MONITORING AND MANAGEMENT OF SURFACE WATER 
BODIES 
8.1 Introduction 
The interactions between hydrological and biological systems, combined with 
interactions with human–related needs, use, values and perspectives make the 
management of water a complex and challenging task (Lach, 2005; Rault and Ange, 
2008).  Due to this and as Chapter 7 has highlighted, there is a need to understand 
the human aspects influencing aquatic ecosystems if a fully integrated approach to 
water management is to be achieved.  This chapter therefore investigates methods 
used to gain this understanding and explores how this and information from the 
monitoring of ecosystems can be integrated in order to ensure effective decision 
making.  
Water management issues, in a similar way to other environmental problems, are 
typically complex, multi-scale, affected by multiple actors and with uncertain ideal 
solutions (Reed, 2008).  This fact and their unstructured nature means they are often 
referred to as ‘wicked problems’, a term coined by Rittel and Webber (1973) to 
describe social problems which have multiple and conflicting criteria for defining 
solutions and have no rules for determining when problems can be said to be solved.  
Here solving one problem may lead to other, more complex problems (Mysiak et al., 
2005).   
Within water management and other ‘wicked problems’ fully understanding and 
defining the problem is essential for achieving optimal solutions (Mysiak et al., 2005).  
Therefore, information regarding changes in the environment and the causes of 
those changes is necessary.  However, due to the complex and dynamic nature of 
water resources and their uses this alone will not lead to sustainable and integrated 
solutions to environmental problems.  Considering the human dimension of decisions 
is also critical if management decisions are to be successful (Pahl-Wostl and Hare, 
2004). Furthermore, information must be interpreted and applied in order to produce 
the knowledge required for appropriate management.   
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The development of knowledge and wisdom is typically shown as a staircase (Roots, 
1992; Artiola et al., 2004), with observation and measurement at the bottom of the 
staircase, which through verification leads to data, which through selection and 
testing can lead to information, when this is comprehended and integrated it can lead 
to understanding and knowledge, which when put into perspective, can lead to 
wisdom.  Therefore, data alone does not equate to information and equally 
information alone cannot produce knowledge (Roots 1992). As a result ensuring that 
the creation of data can successfully lead to understanding and wisdom is 
fundamental to successful sustainable environmental management.  
Linking monitoring for the Water Framework Directive (WFD) to good environmental 
management will follow a similar progression to that of the ‘staircase of knowledge’, 
with observations and measurements of the WFD’s quality elements producing data 
which can then be used to provide information on the status of the environment 
through classifications and on the pressures affecting water bodies.  When this 
information is interpreted, comprehended and integrated understanding of the 
aquatic ecosystems can follow which improves judgement and therefore leads to 
more robust decisions regarding the management of water resources (Figure 8.1). 
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Figure 8.1: The use of data leading to improved environmental decisions for the 
WFD (adapted from Roots, 1992 and Artiola, 2004). 
In order to achieve properly informed environmental management, an inclusive and 
participatory approach is required, allowing concerned individuals or their 
representatives to take an active role in the decisions regarding water management 
that affect them (Rault and Jeffrey, 2008; UNESCO-WWAP, 2006).  Not only has this 
been identified as key to successful decisions, it is also increasingly seen as a 
democratic right (Reed, 2008), for example participation has been enshrined in the 
UN Economic Commission for Europe’s 1998 Arhus Convention.  Furthermore, 198 
countries have signed up to Agenda 21 of the United Nations Conference on 
Environment and Development which states that environmental issues are best 
addressed with the participation of all concerned citizens (UNCED, 1992; United 
Nations, 2012).  
The WFD recognises the value of involving stakeholders in the management of 
water resources, stating that success of the WFD will not occur without the 
involvement of the public (European Commission, 2000).  The Directive therefore 
requires Member States to provide key documents for public consultation and 
encourage the active involvement of all interested parties in the implementation of 
the Directive, particularly in the production, review and updating of the river basin 
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of WFD quality elements  
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Knowledge and understanding of the 
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management plans, with the provision of information identified as crucial to this.  The 
Common Implementation Strategy on Public Participation identifies several benefits 
of public participation in the WFD. These include; increased public awareness of 
environmental problems, increased public acceptance of management decisions, 
reduced delays and inefficiencies of implementation (European Commission, 2003).   
The WFD has now been in place for 10 years, with River Basin Management Plans 
(RBMPs) required to provide an overview of water body status and outline measures 
to protect and restore water bodies, published by most Member States in 2009.  
These highlighted that only 43% of water bodies within the European Union were at 
good status, with only an additional 10% expected to meet the 2015 target 
(European Commission, 2009).  It is clear therefore that the implementation of the 
WFD continues to be a challenge throughout Europe.  In order to address this, the 
European Commission has identified the need for greater recognition of the WFD’s 
objectives in policy decisions and for further integration of the multiple disciplines 
that affect water management. The need for better monitoring of water bodies and 
an improved knowledge base for the management of water bodies was also 
identified (European Commission, 2009).  This chapter aims to address those needs 
by looking at how information from the aquatic environment can be better 
communicated, how public participation can be facilitated, both in problem analysis 
and in the decision making process. Finally, the benefits of involving stakeholders in 
the design and collection of monitoring are explored, along methods to facilitate this.  
8.2 Communication of data with stakeholders  
Participation in policy making can occur at a number of levels, which is often 
depicted as a ladder (Arnstein, 1969), from simply sharing of information, to 
consultation, through to the co-design of policy and shared decision making (Lamers 
et al., 2010).  However, at all of these levels the provision of scientific information 
and analysis to inform stakeholders has been identified essential (Lamers et al., 
2010).  Furthermore, as much of the data regarding the water environment is 
obtained by government or regulatory bodies, the data is a public good and should 
be readily available (Dennison et al., 2007). Despite this a review of stakeholder 
involvement in Europe found that often the information provided was bulky, 
unorganised and too technical. This resulted in stakeholders often lacking the 
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knowledge or the human resources required to process and understand the 
information.  This then discourages further involvement in the decision making 
process (De Stefano, 2010).  Therefore, the provision of information to people with a 
range of backgrounds and levels of technical expertise is a challenge (Pahl Wostl, 
2002) but one that is essential for successful ecosystem management (Dennison et 
al., 2007).  Other challenges result from there being financial costs associated with 
the collection and management of data, resulting in a reluctance to share information 
and questions regarding who will manage the data and be responsible for its 
accuracy being posed (McDonnell, 2008).   
Within Europe the requirement that every 6 years all MSs produce RBMPs which 
provide an overview of the status of water bodies and the pressures affecting them 
results in a legislative obligation to communicate information about water 
management.  Therefore, this is the responsibility of the statutory bodies identified as 
responsible for the implementation of the WFD.  The Directive states that the status 
of water bodies, which represent the degree of deviation from undisturbed conditions 
must be communicated using a standardised colour coding procedure (e.g. blue, 
green, yellow, orange, red representing the water bodies classified as high, good, 
moderate, poor and bad respectively). Furthermore, the Directive requires that a 
draft RBMP along with an interim overview of the significant water management 
issues and a timetable and work plan for the RBMPs, must be made available for 
consultation.  Background documents and information used for the creation of the 
draft plans should also be made available upon request.  Whilst the WFD stipulates 
how data should be communicated in RBMPs and their preparation, how this should 
be done for the active encouragement of stakeholders in the decision making 
process is at the discretion of Member States (MS).  This has led to varied 
responses to the need for public participation throughout Europe (Woods, 2008; 
EEB, 2010).  Despite this the WFD helps to clarify the roles and responsibilities for 
the collection and communication of data, something that might be a challenge in 
other countries if there were not a legislative requirement (McDonnell, 2008).   
Once those responsible for the statutory monitoring of water bodies have been 
identified, data must be collected and stored.  Digital databases and Internet/Intranet 
based technology have important roles in this.  Ensuring interested parties then have 
access to such databases will be necessary.  Within Europe the Water Information 
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System for Europe (WISE) was developed by the European Commission and the 
European Environment Agency (WISE, 2013).  This is a web based portal allowing 
the information obtained under EU legislation to be collated and shared and includes 
information on the ecological and chemical status of water bodies and the main 
pressures affecting them to be viewed for 161 European river basins.  This not only 
facilitates reporting from MS to the Commission but also permits public access to 
data and information (European Commission, 2012b).  At the MS level a number of 
countries have collated monitoring results in databases and have made these 
available on the internet, for example within England data regarding the overall 
classification of water bodies and the status of individual elements making up the 
classification are available as a downloadable excel files (EA, 2013).   
Allowing access to the data through data navigation systems and databases 
provides a means for access, analysis and interpretation of data (Dennison et al., 
2007).  This will improve transparency which in turn will aid the credibility of 
information, one of the three identified attributes for useable data.  The other 
attributes of useable information are legitimacy of data, required for information to be 
understood by users and saliency required to demonstrate the information’s 
relevance to specific contexts (Liu et al., 2008).  Therefore, effective communication 
that can facilitate active participation will require more than simple access to data.   
In order to improve the usability of environmental information the use of constructed 
visualisation can often be relied upon.  Visualisations are useful as they act as a 
common language and a common knowledge base for further communication 
(Dennison et al., 2007).  This therefore improves the legitimacy of the data, as it 
presents it in a format understandable by all users and can also improve the saliency 
of data (Liu et al., 2008).  The use of geographic based presentations of 
environmental data is now common (Haklay, 2003), and this can enable the 
presentation of data at a spatial level and therefore a context which is relevant to 
users.  RBMPs are required to show maps of the status of water bodies, depicted in 
the colour scheme outlined in the WFD (European Commission, 2000).  Within WISE 
a number of data sets are displayed as snap shots maps and also interactive maps 
which enable viewers to zoom to see results for the specific areas they require, and 
statistics and graphs are also presented which provide European overviews (EEA, 
2012).  In England the Environment Agency has also created a number of interactive 
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web-based maps through its ‘What’s in your Backyard’ project.  These cover a range 
of environmental issues, such as flooding and air pollution (EA, 2013) but also WFD 
status classification of rivers, lakes, transitional and estuarine waters.  These also 
allow the viewer to see the expected classifications for 2015 (EA, 2013b).  
The provision of web-based data sets and maps will allow those with an interest to 
access information.  However, the use of web-based information does require 
infrastructure and expertise in their development and basic skills of users.  
Additionally, as such maps often only provide an overview of data i.e. overall 
classification, more information may be required to be presented e.g. the 
classifications of the components comprising of overall status, thus increasing the 
credibility of the information.  Furthermore, the public may wish to obtain more 
specific data relevant to the locality they are interested in and therefore additional 
methods of presenting data may be required in order to improve its saliency.   
The use of report cards is a common method of presenting multiple measures of 
environmental quality, for example the Millennium Ecosystem Assessment 
(Millennium Ecosystem Assessment, 2005a), the National Ecosystem Assessment 
(The UK National Ecosystem Assessment, 2011)  and the Living with Environmental 
Climate Change Impact Report Cards (LWEC, 2013).  Such a method of presenting 
information can provide an easy to understand snapshot of the environment in 
relation to targets and standards, along with raising an awareness of changes in 
condition over time (RELU, 2009).  In South East Queensland, Australia, report 
cards have been produced detailing the condition of water bodies for over ten years 
(EHMP, 2008).  Here data for all indicator groups monitored at each site within a 
catchment is averaged to produce a single score for the reporting region, these are 
then converted to grades which reflect the deviation of the observed score with those 
expected at undisturbed scores (i.e. an A grade represents a catchment near to 
undisturbed conditions, whilst an F grade represents a failure to meet the ecosystem 
health objectives).  The report cards are publically presented to politicians and policy 
makers annually through a televised ceremony.  It is reported that whilst this 
sometimes causes apprehension in government there is an understanding of the 
need for transparency and the use of report cards has been cited as being crucial for 
the linking of environmental monitoring to decision makers.  The report cards are 
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also a simple communication tool easily understood by a variety of interested 
stakeholders (Bunn et al., 2010).   
Within England, case studies of the River Thurne in The Broads and River Tamar in 
south-west England found that there was a strong demand for local information 
regarding water quality from stakeholders.  In response to this, researchers from the 
Rural Economy and Land Use Programme (RELU) worked with stakeholders to 
successfully deliver an Ecosystem Health Report Card (RELU, 2009).  A base map 
showing all water bodies in the catchment was annotated with overall grading of 
each monitoring site, each of these was also accompanied with a square divided into 
four colour coded compartments representing the grading of the physical, biological, 
nutrient and chemical components making up the overall status.  Further annotations 
were added in places to describe the results of the monitoring.  On the back of the 
report card a table with all of the data used in the production of the report card was 
provided, and this was also coloured coded to highlight the corresponding status that 
the recordings resulted in (RELU, 2009).  Detailing the data used in the report card’s 
production will have helped improve the legitimacy and credibility of the information 
presented as well as aiding transparency. Working with stakeholders in the 
development of the report card also helped ensure its effectiveness in 
communicating, ensuring that misunderstandings were avoided and also in 
improving the saliency by providing the information relevant to stakeholders.  
In order to facilitate the catchment based approach to water management within 
England, as announced by the government in 2011, a number of pilot catchments 
were established.  One of the aims of these pilots was to explore methods of 
information sharing.  A review of the pilots led by the Environment Agency found that 
maps and visualisation were commonly used.  In the Adur and Ouse and Lower 
Wear catchments, data collected for WFD classifications were used to present the 
status of water bodies, colour coding the drainage area for each water body to the 
corresponding classification colour.  Annotations were also added to list the failing 
elements and the likely causes (Environment Agency, 2012).  Stakeholders 
appreciated the collation of data and being able to view evidence together.  Within 
the Lower Wear catchment classifications of water bodies were mapped against 
infrastructure projects, allowing the data to be put into context of projects and 
strategies of other organisations and helping to identify opportunities to work 
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together.  However, issues with too much information crowding the maps and 
shading were identified.  Within the Ribble catchment, line diagrams of water bodies 
colour coded to relate to status were produced.  These were simplistic which was 
identified as both a positive and negative by stakeholders (Environment Agency, 
2012).   
Increasingly the use of smart phones and mobile technology is assisting with the 
provision of salient data to the public.  For example the United States Environmental 
Protection Agency (US EPA) recently launched the ‘how’s my waterway’ application 
available for mobile phones, tablets and desk top computers in order to provide 
access to public water quality information for the broadest range of people possible 
(US EPA, 2013).  This allows the public to view information on all water bodies within 
5 miles of a zip code or a place name they may be interested in.  If the app is being 
used on a phone or tablet, users can also search for data using their current location.  
The app makes use of the information States must provide to the US EPA every 2 
years under the Clean Water Act and contained in the EPA’s national information 
system on water quality assessments.  Each water body is listed as polluted, 
unpolluted or un-assessed.  The user can then click to find out the type of pollution 
recorded and what is being done by the EPA to reduce it.  Links to more information 
regarding descriptions of pollution types, their sources and how these threaten the 
environment along with what the public can do to help prevent the pollution is 
provided (US EPA, 2013).  Furthermore, State contacts are provided for each water 
body if the user wishes to report a pollution incident or to find out more information 
(US EPA, 2013b).   
Within England an application for smart phones is also being used to allow the public 
to access information.  Beach Selecta is a free downloadable app, providing beach 
goers with up-to-date information on the quality of bathing water of over 500 beaches 
(Environment Agency, 2012f).  Again the use of mobile phone technology allows the 
user to use GPS to find information for the beaches closest to them and therefore 
provide the most relevant information.   
The provision of useable information for those that request it is an important step in 
facilitating public participation in the management of water resources.  However, 
there may be many people who do not realise that they have an interest and a role to 
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play in water management.  Therefore, additional techniques may be required to 
engage those stakeholders in the topic.  Media can play a key role here, with 
awareness being raised through television, radio and newspaper advertisements.  
For example, a documentary produced by a regional television broadcasting channel 
in the Scheldt river basin, Belgium, has been credited with raising awareness and 
participation of stakeholders (European Commission, 2012b).  Photography 
competitions and exhibitions organised by the charity Thames21, along with 
participation of high profile people such as Olympic medal winners ensures that 
media attention can be gained in London (Thames21, 2012, 2013)  Animations can 
also help explain complex issues affecting river basins. One such example was 
produced for the West Country Rivers Trust, concerning sustainable planning in river 
basins (Westcountry Rivers Trust, 2013).  Simulations and online games such as the 
ABC catchment detox game can demonstrate a virtual catchment and the challenges 
of its management (ABC science, 2013).  Additionally, the use of augmented reality 
has been used in a smart phone application designed for WWF-UK to help people 
discover wildlife and information about water bodies in the London area (WWF, 
2012).  Social media is playing an increasing role in reaching a wider audience, 
attracting attention and informing the public about the water management and wider 
environmental issues.  For example the Canals and Rivers Trust has over 10, 000 
followers on Twitter, the social networking site, and ABC environmental in Australia 
over 19,000 followers.  
In order to engage some stakeholders it may be necessary to translate the 
objectives of water management policy and legislation, such as the WFD, so that its 
benefits can be understood.  This will be important as often support for 
environmental policies is seen by the wider public as altruistic.  However, as many 
stakeholders will incur costs associated with measures needed to improve water 
status, the benefits of these must be understood so that they are supported.  This 
will be particularly important due to increasing pressures on public budgets and the 
economy (Everard, 2012).  Ecosystem services have been identified as key to 
communicating the benefits of environmental improvements to society and the 
human consequences of degradation.  Within the WFD this will require explaining 
what good status means for provisioning (e.g. clean water and fish), regulating (e.g. 
flooding), cultural (e.g. recreational activities) and supporting (e.g. ecosystem 
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functioning) services (Everard, 2012).  The strategic action plan for the Danube river 
basin 1995-2005 produced a table identifying the relationship between water 
management problems and the water uses, such as drinking water, fisheries, 
industry agriculture and recreation (Basin, 1994).  However, other river basin districts 
could also benefit from having such links highlighted in their RBMPs and put into 
context for the district.   
Three European case studies which ran from May 2010 to July 2011 aimed to 
analyse the potential usefulness of an ecosystem services approach to support the 
implementation of the WFD (Saladin et al., 2012).  In each case study area water 
managers and other stakeholders were interviewed to provide qualitative 
descriptions of the ecosystem services they believed were provided in the 
catchment.  These were then discussed at joint stakeholder meetings with 
stakeholders interviewed afterwards to provide feedback on the approach.  The 
communicating of ecosystem services was found to be a useful approach to illustrate 
the richness of linkages between ecosystems and uses and to highlight the 
dependencies of different stakeholders (particularly tourism and other industries) on 
good water management.  The stakeholders also found that the approach helped to 
communicate with other stakeholders and through realising synergies aided the 
identification of cooperation partners and the benefits that management could 
achieve.  Therefore, the approach was found to be a useful planning tool for 
integrated water management which could assist decision making (Saladin et al., 
2012).   
Whilst ensuring that data and information about water quality are communicated 
effectively is essential for integrated management, the communication of data 
regarding other aspects, such as soil type, population, land-use and ownership, will 
also be necessary to support decision making.  However, this will often have to be 
collected as secondary data which may be held by diverse organisations and with 
issues regarding mismatches of spatial and temporal scale affecting the degree of 
accuracy and representation of information (McDonnell, 2008).  Additionally, socio-
economic data will also be essential for truly integrated management of resources.  
However, difficulties in finding methods to capture and quantify this information result 
in it often being omitted from the decision making process (McDonnell, 2008).   
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8.3 Data and effective participation of stakeholders  
8.3.1 Problem analysis 
Although data provision is an essential ingredient for stakeholder involvement, this 
provides just the foundation for public participation. Active involvement of 
stakeholders requires dialogue and two-way communication of information (Rowe 
and Frewer, 2000).  Furthermore, only when active involvement leads to social 
learning can sustainable and truly integrated management of water occur (Tippett et 
al., 2005).  The need for social learning in integrated approaches to ecological 
management acknowledges that the social embedded nature of water management 
requires the collaboration of public authorities and a wide range of stakeholders 
(Bouwen and Taillieu, 2004).   
Social learning will be particularly important in the problem analysis phase of 
decision making. Here independent stakeholders work together to build a shared 
perception of dependencies, interactions, and problem definition (Pahl Wostl, 2002).  
This process allows a more comprehensive and holistic picture of resource use 
(Reed, 2008) and recognises that due to the complexity of water use no one actor 
possess all the information for successful management (Mostert et al., 2007). 
Following problem analysis, stakeholders can then coordinate actions and develop a 
common script and action plan (Bouwen and Taillieu, 2004). This empowers those 
influenced by decisions and also gives ownership of the outcomes of the process 
(Reed, 2008).  Due to the process of understanding the problem and decision 
making the quality and durability of management decisions can therefore be 
improved (Beierle 2002).  By building relationships and trust between stakeholders 
and allowing reflective deliberation, more creative solutions may also be found 
(Reed, 2008).  Furthermore, the process of social learning creates a more informed 
public, and through greater transparency in the decision making process greater 
acceptability of decisions (Creighton, 2005).  This can then lead to reductions in 
conflicts and cost of implementation (Lamers et al., 2010).   
In order to actively engage stakeholders in a decision making process a shared 
problem perception must first be built (Pahl Wostl, 2002).  This is because each 
person will have their own mental representation of reality and context into which this 
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is embedded (Pahl-Wostl, 2007).  The role of stakeholders in society and their 
previous experience will shape these and will influence how information is 
interpreted.  For example, engineers, ecologist and farmers will all have a different 
views of a river catchment, how it functions, what the key problems are, what the 
solutions are and how their use and role fits in with others (Mostert et al., 2007).  
Building a shared perspective of this enables the different viewpoints to be 
understood and can enrich individual perspectives (Pahl-Wostl, 2007).  Therefore, in 
order to facilitate social learning there needs to be information exchange about 
perceptions and opinions, as well as factual information about technical aspects of 
the system being managed (Mostert et al., 2007).   
Conceptual models can be powerful tools to helping understand ecosystem 
interactions and to facilitate communication.  Here diagrams are used to provide self-
explanatory and self-contained figures representing synthesised concepts and 
knowledge (IAN, 2006). Typically these are used to depict ecological and 
physicochemical interactions between various components and identify how 
stressors and threats are linked to indicators (Haynes et al., 2007). Such diagrams 
can act as a common language between stakeholders to clarify thinking and avoid 
ambiguity (Dennison et al., 2007).  Furthermore, they facilitate dialogue as the 
diagrams can be used by stakeholders to explain their experiences and perceptions.  
Therefore, conceptual models can be revised and used to build consensus regarding 
the processes of the catchment amongst a group of stakeholders.  Such a process 
can also foster trust and creates a common starting point for further discussions 
regarding management options.   
Conceptual models have been used extensively in the National Park Service of the 
mid-Atlantic region of the USA (Dennison et al., 2007).  Here the process begins with 
initial investigations based on local knowledge to build models to synthesise 
knowledge.  A nested set of models were developed so that both an overview and 
more detailed subsets could be produced, for example nitrogen cycling models.  
More detailed models were also constructed in response to specific management 
options and research questions. These models were then used extensively in 
workshops to build consensus regarding the most important ecosystem attributes 
and support more effective decision making (Dennison et al., 2007).  Additionally, a 
project which aimed to support decision making for Semi-Arid Hydrology and 
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Riparian Areas of south-western USA found that without the development of 
conceptual models it was very difficult to communicate between water managers and 
other stakeholders.  Once models were developed the credibility, legitimacy, and 
saliency of information was enhanced and mutual understanding developed (Liu et 
al., 2008).  The use of conceptual models has also been identifed as key strength of 
the Healthy Waterways Partnership in South East Queensland, Australia, with 
models used to indicate how key freshwater indicators respond to land-use 
disturbance and to refine lists of possible causes of degradation (Bunn et al., 2010).     
Factual information, such as observations, data collection, empirical analyses, expert 
interpretations and modelling, will have a key role to play in conceptual models and 
building shared perspectives (Pahl-Wostl, 2007).  Such information can help identify 
key linkages and quantify these.  Furthermore, information can correct factually 
incorrect perceptions, such as holding mistaken and conflicting views on the 
relationships and effects of pressures on water resources.  As finding agreement for 
empirical data is easier it can help to build consensus. This will be particularly 
valuable where uncertainty and decision stakes are high.  However, this requires 
confidence in the data and acceptance of the method of information creation (Pahl-
Wostl, 2007).  It will also be necessary for information exchange from a wide range 
of stakeholders, therefore public authorities will need to be accepting of external data 
and ensure that processes allow for its contribution.  
By combining local and scientific knowledge a more comprehensive understanding 
of the natural system and processes can be gained.  Furthermore, this information 
will be essential to understand the human dimension of processes and to apply 
scientific understanding specifically to the catchment.  Inviting all stakeholders to 
provide data and input was a key feature in the development processes of the Tamar 
catchment plan (Tamar Catchment Planning Group, 2013).  Here an ecosystem 
services mapping approach was used in order to ensure a strategic approach to 
planning was conducted.  Working groups consisting of a range of stakeholders were 
established to focus on water quality, quantity, space for nature, carbon 
sequestration and recreation, leisure and culture.  Each working group identified the 
components and characteristics in the landscape that aid the delivery of the services 
on which each group were focused on.  The distributions of these features were then 
mapped using stakeholder knowledge of the catchment and discussion held 
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regarding the level of the provision of services at different areas.  Risks to the 
provision of services were then discussed and areas where these were high were 
identified.  By combining this with areas of importance for service provision, the 
areas where the benefits of introducing measures could be maximised were 
highlighted.  The maps for each service provision were then overlaid in order to 
identify areas of multi-function.  This allows further prioritisation of measures and it is 
hoped will encourage a balanced approach so that ecosystem services are 
maximised without food production being compromised.  Stakeholders also played 
crucial roles in identifying potential measures that could be implemented to address 
threats to ecosystem services.  Sources of funding for such measures were also 
discussed.  By involving stakeholders in such discussions, a range of experiences 
and expertise was used, allowing the sharing of best practise and honest discussion 
regarding practicalities and feasibility.  Furthermore, these stakeholders will be a 
valuable resource in disseminating the outputs of the catchment plan and 
encouraging other stakeholders who have the potential to undertake improvements 
to become involved in the process (Tamar Catchment Planning Group, 2013).  
8.3.2 Decision making  
Typically in decision making the problem analysis phase will be followed by a 
problem solving phase, which is equivalent to decision making concerning possible 
alternative solutions (Kolkman, et al., 2005).  Within a catchment there will be 
multiple choices to make between alternative management options, including doing 
nothing.  These will be further complicated by tradeoffs between socio-political, 
environmental, ecological and economic factors (Kiker et al., 2005).  Whilst through a 
social learning approach it is hoped that consensus and a common script will lead to 
coordinated actions developed into a shared action plan (Bouwen and Taillieu, 2004) 
it may also be necessary to formally appraise and evaluate alternative management.  
As environmental decisions are often complex, multifaceted and inter-disciplinary, 
with multiple stakeholders and perspectives, systematic methodologies are required 
to ensure that quantitative and qualitative information is captured by the decision 
making process.  Therefore, multi-criteria analysis (MCA) has been widely used in 
environmental decision making (Kiker et al., 2005).  Here, scores or ranks are used 
to assess the performance of alternative decision options against multiple critical 
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elements.  Alternative options and criteria are selected according to the desired 
objectives, with criteria standardised and a weighting for each criterion used to 
evaluate the alternative options. Outcomes of the MCA can then indicate the most 
relevant alternative option for decision making in comparison with others (H-S Chon 
et al., 2012).   
MCA has received particular attention in water resource management, with 
widespread and growing application (Hajkowicz and Collins, 2006).  This is due to 
water management being characterised by multiple objectives and perspectives.  
The use of MCA also permits non-monetary valuations, facilitating the inclusion of 
social and environmental aspects of decisions to be factored into analysis (Cave et 
al., 2003).  Additionally, MCA can permit the use of both quantitative and qualitative 
information (Balasubramaniam and Voulvoulis, 2005).  Other benefits of its use have 
been identified as improving transparency and accountability through explicitly 
stating decision criteria (Mimi and Sawalhi, 2003), with the logical process of MCA 
helping to ensure consistency and rigour in decision making (Schultz, 2001).  Multi-
criteria analysis has also been shown to aid conflict resolution.  For example MCA 
techniques were used to inform water allocation of the Jordan River among 
Palestine, Israel, Syria, Lebanon and Jordan.  This approach helped as objective 
criteria allowed equitable entitlements to be reached (Mimi and Sawalhi, 2003).   
MCA can also aid stakeholder engagement and participation in decision making 
processes (Greiner et al., 2005; Hajkowicz and Collins, 2006; Fernandes et al., 
2001; Brown et al., 1984).  For example, through workshops stakeholders were 
involved with a MCA used to assess the relative impact of diffuse-source pollution on 
the Great Barrier Reef and to prioritise river basins for action (Greiner et al., 2005).  
First stakeholders were involved with the identification of criteria used to describe the 
river basins, covering measures of ecological, social, economic and developmental 
pressures and the weightings associated with these.  Data was then gathered for 
each criterion for all of the river basins and presented at a second workshop.  Here 
stakeholders worked together to build consensus on subjective ratings of impacts 
(i.e. low, medium, medium-high or high) for each of the groupings of criteria for each 
basin.  This then built profiles for each river basin which could be used to identify the 
most appropriate measures to manage diffuse pollution.  These were used to direct 
funding for measures to the highest impact areas and to communicate areas of 
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concern to local authorities to make them aware of land-use policies (Greiner et al., 
2005).  In this example stakeholder input was particularly required for the early 
stages of the MCA, i.e. in the selection of criteria, which is known as the ‘structuring’ 
the decision process. This has been identified as the most important part of the MCA 
process, yet one that traditionally received little attention (Hajkowicz and  Collins, 
2006).   
Within England stakeholders were also involved with the selection of criteria for a 
MCA concerned with integrated catchment/coastal zone management in the Humber 
Estuary (Ledoux et al., 2004).  Here workshops were organised for stakeholders to 
suggest policies they considered would contribute to improving water quality.  
Stakeholders organised the suggestions into three groups, to represent three 
different policy packages, the first primarily concerned with economic growth, the 
second giving equal weight to economic growth and environmental protection and 
the third prioritising environmental protection.  These three different policy packages 
represented three different scenarios in order to enable stakeholders to envisage a 
full range of potential measures.  Stakeholders then suggested criteria and 
weightings within the broad groups of economic, environmental and social to 
evaluate the potential measures and packages.  This resulted in an effects table 
being drawn up, which would be the first steps of a MCA.  This case study reported 
that scenarios were a potentially useful way to engage stakeholders in the decision 
making process.  However, further work was reported to be needed to ensure that 
the combination of scenarios and MCA can effectively inform decision making 
(Ledoux et al., 2004).   
Due to the complexity of environmental problems much attention has been given to 
the development and use of decision support systems (Giupponi, 2007).  These are 
defined as ‘interactive, flexible, and adaptable computer based information system 
especially developed for supporting the recognition and solution of a complex, poorly 
structured or unstructured strategic management problem’ (Matthies et al., 2007).  
Numerous such tools have been developed for water management issues such as 
for flood management (Catelli et al., 1998), irrigation schemes (Da Silva et al., 2001) 
and land use impacts (Dunn et al., 1996).  
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In response to the WFD’s requirements the Fifth Framework Programme of the 
European Union funded the development of a decision support systems tool called 
the MULti-sectoral INtegrated and Operational (MULINO) decision support system 
(Giupponi, 2007). The MULINO decision support system aimed to improve decision 
making and achieve an integrated response to river basin planning.  It was 
developed with a wide range of stakeholders in mind, for example technicians, 
administrators, economists, environmental groups and concerned citizens.  Prior to 
its use it requires a stakeholder analysis to be conducted to identify the main actors 
in the decision context.  Following this the computerised component of MULINO 
guides the user through three phases.  The first of these, the conceptual phase, 
involves stakeholders in problem structuring through the identification of the socio-
economic and environmental features of the study area.  This is done in the 
framework of the Driving force, Pressure, State, Impact and Response (DPSIR) 
model which allows for a holistic view of human-environment interactions through 
cause and effect relationships (EEA, 1999).  Here there is a specific need for the 
provision of data to build the DPSIR models generated for the study area.  
Additionally, data is required in the second phase, which identifies alternative options 
and their anticipated performance.  Criteria that will be used to assess the different 
options are also selected.  This then leads to the final choice phase where a multi-
criteria assessment is conducted which can reflect stakeholders’ valuations through 
weighting of the assessment criteria.   
Within England a prototype decision support tool called the Macro-Ecological Model 
Project (MEM) was developed.  This was designed to integrate different domains 
associated with traditional water management and to combine different sources of 
knowledge, in order to create a model that could be used by a range of stakeholders 
in decision-making and negotiation meetings (Lerner et al., 2011).  During the 
model’s design, a distinction between three groups of people involved, dependent on 
their roles and expertise, was made.  These were stakeholders, domain experts who 
have expert knowledge of the cause and effect relationships in the catchment and 
system modellers. During the first phase of development the stakeholders (for the 
prototype just the Environment Agency) and system modellers decided upon the 
catchment issues the prototype model would consider and the indicators that would 
be used to assess management options. During the second phase the system 
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modellers engaged with the domain experts to develop sub-models for each of the 
indicators chosen in phase one. In the third phase the system modellers converted 
the conceptual model of the catchment into fully functional models of the system. 
This required the use of numerical models, data analysis and expert knowledge. The 
final phase of development simplified the full model to one that could be run in 
planning meetings and by non-experts.   
Despite the evaluation of the model showing that all stakeholders believed it could 
be useful to support the implementation of the WFD, the authors also identified a 
number of limitations.  These included restricted access to models that could be 
integrated into the MEM tool due to intellectual property rights, the need to increase 
the number of stakeholders and issues the model encompasses (resulting in an 
estimated 150 person months being required for full development), difficulties of 
coupling models developed at different temporal and spatial scales, and reusing the 
model so that it is applicable to other catchments.  Additionally, due to limited 
availability of empirical data sets and with only validation of sub models likely, the 
possible validation of the whole model was identified as a challenge.  Without such 
validations stakeholder confidence in the outputs of the model may be reduced.  Due 
to this the authors highlight the need for strong participatory approaches to ensure 
approval. 
8.4 Role of stakeholders in monitoring design and collection  
It is clear that monitoring data has a key role to play in both the problem analysis and 
problem solving phases of decision making.  If stakeholders are to be involved with 
these phases then the data provided must have credibility and legitimacy with 
stakeholders.  Therefore, providing information on the ways data is obtained will be 
essential.  This not only includes providing information regarding the methods of 
assessments but also the design of monitoring networks.   
Within the WFD MS are allowed to determine their own methods for assessing the 
anthropologic impacts on different aspects of aquatic environments (European 
Commission, 2003).  This has lead to a large increase in the number of assessments 
available, particularly for biological elements (Hering et al., 2010).  These have been 
subject to a process of inter-calibration to ensure consistency throughout the 
European Union.  However, it may also be necessary to ensure that methods used 
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at national levels are explained to stakeholders so that they are trusted and credible.  
Fact sheets such as those produced by the UK Technical Advisory Group on the 
Implementation of the WFD (UK TAG, 2008) may help to explain in ways accessible 
to a range of stakeholders.  However, so that the reliability of certain methods is not 
questioned, there may need to be continued dialogue regarding the acceptability of 
certain methods.  Here, ensuring that the confidence and uncertainties associated 
with different methods is communicated clearly will be necessary so as not to 
undermine the process of stakeholder trust and engagement in the decision making 
process. 
Stakeholders will also need to have confidence in the design of monitoring networks, 
this is because the results of assessments may be determined by where samples 
are taken.  An overview of monitoring networks is provided by RBMPs.  Within 
England and Wales this was done through basin wide maps in Annex A of the first 
RBMPs published in 2009.  Whilst these only provide information on fish and other 
biology and are at large scale resolutions they do provide a good impression of the 
extent of monitoring. Furthermore, interested stakeholders can contact the 
environment agency and request further details of monitoring locations.  However, as 
in general, the location of monitoring points is often based on subjective judgment, 
reliant on intuition, expertise or ease of access (Dixon and Chiswell, 1996), 
stakeholders may wish to understand the rationale behind the location and section of 
elements included in monitoring networks.  Whilst within the WFD monitoring of 
water bodies in order to gain an overall impression of the status within a RBD is 
required, monitoring is not required in all water bodies with MS permitted to (Collins 
et al., 2012).  If stakeholders are to be asked to undertake measures that incur costs 
to them they will need to have trust and confidence in the monitoring results that 
indicate a need for action.  Therefore, transparency regarding the design of networks 
will be crucial.   
Working with stakeholders in the design of networks and the collection of data would 
ensure transparency and active participation throughout the water management 
process.  If stakeholders are to be involved with problem analysis within a catchment 
then their input into where the greatest risks and uncertainties are could help to 
identify locations where monitoring is required.  This will help to ensure that 
monitoring networks are based around well-defined questions, something that has 
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been identified as being key to successful monitoring programmes (Lindenmayer 
and Likens, 2010). The involvement of stakeholders in monitoring would also help to 
ensure social learning as monitoring data can be tailored to test assumptions and 
links between drivers, pressures and responses on aquatic ecosystems. As 
quantitative data is easier to agree on, the results of such monitoring may also help 
to build consensus within a catchment.  Furthermore, if communities are more 
involved with the design of monitoring they may feel more empowered and take 
greater ownership of the management of water resources in their local area (Reed, 
2008).   
Conceptual models have been used in the design of monitoring networks.  For 
example, conceptual models linking the generation, transportation and effects on 
water quality and ecosystems of contamination within the Great Barrier Reef 
catchment, guided the design of water quality assessments (Haynes et al., 2007).  
This ensured that monitoring was targeted and risk based and identified appropriate 
indicators were selected for long term monitoring programmes.  Furthermore, it 
enabled elements that could be used to assess the efficiency of changes in 
catchment management to be identified.  The establishment of which has been seen 
as being essential to the assessment of the success of water quality plan set up to 
protect the Great Barrier Reef (Anon, 2003).  Therefore, conceptual models may 
have a key role to play, not only in the communication and dialogue with 
stakeholders, but also in encouraging stakeholders’ understanding and involvement 
in the design of monitoring programmes.  
Stakeholders could also be further involved with monitoring through the voluntary 
collection and input of data.  Examples of involvement range from qualitative surveys 
and questionnaires, visual surveys and mapping (e.g. the Beach Watchers Project 
(Washington State University, 2013)), recording of factual information such as the 
presence of species (e.g. Ohio Division of Natural Areas and Preserves’ Scenic 
Rivers (Perdicas, 2008)) through to the sampling and measurement of chemical and 
physical parameters (e.g. The Chesapeake Bay citizen monitoring programme 
(Alliance for Chesapeake Bay, 2013).  Such initiatives can help agencies overcome 
spatial and temporal gaps in official monitoring and contribute to a wider knowledge 
on the state of the environment.  Furthermore, it can also promote public interest in 
environmental protection and enhance collaboration in environmental management 
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(Gouveia et al., 2004).  Despite these advantages and potential financial savings, 
there have been concerns regarding involvement of volunteers with monitoring 
activities. These include credibility of data, lack of consistency and comparability, 
data incompleteness and logistical issues (Gouveia et al., 2004).  However, through 
appropriate design and the establishment of frameworks it is believed that these can 
be overcome, with examples demonstrating the ability to integrate publicly collected 
data with both scientific research (Bone et al., 2012) and state agencies work 
(Gouveia et al., 2004). Advances in information communication technologies (ICT) 
are also aiding improvements in publicly collected data through the use of the 
internet to facilitate the collection and management of data and also to promote such 
activities to the public. Mobile phones are also having a positive impact on 
environmental monitoring due to their wide spread use by the public and the ability to 
permit easy to use data-entry, geo-referenced data and multi-media which can 
provide validation of results.  Due to this, smart phone technology can facilitate quick 
and relatively inexpensively public data collection (Dickinson et al., 2012). 
Within England there are examples of public participation in the collection of data 
requiring water quality.  For example the Open Air Laboratories (OPAL) initiated a 
number of projects which aimed to encourage communities to explore nature and 
engage them in environmental research through biological monitoring surveys. One 
of these surveys focused on water, with a survey pack containing a laminated field 
guide and identification key for aquatic invertebrates, a 4x magnifier, pH strips and a 
‘Opalmeter’ designed to measure water clarity, along with wall charts and guides to 
ponds and lakes, duckweed, amphibians, dragonflies and damselflies (Davies et al., 
2011).  Over 4000 participants have used these survey packs to record a ‘health 
score’ for a pond or lake of their choice.  The results were either uploaded online or 
submitted via post and are publicly available to view on the Opal website at 
www.opalexplorenature.org (OPAL, 2013).  Whilst national schemes like Opal have 
shown that it is possible to engage large numbers of people in environmental 
monitoring, other schemes may have more of a local scale focus.  For example, the 
Love the Lea campaign set up by the charity Thames 21 aims to raise awareness 
about pollution in the River Lea, a tributary to the Thames River in the South East of 
England (Thames 21, 2013b).  Here over 40 local residents have been trained to 
identify visual signs of pollution and to take regular water quality samples which are 
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then tested for phosphate and E.coli by University College London.  The scheme has 
enabled a much higher frequency of monitoring than would have been permitted 
otherwise and the results have highlighted that both phosphate and E.coli exceed 
guideline levels.  The results have been used to raise awareness of pollution and its 
causes, specifically highlighting issues with misconnected pipes and run off of 
engine oil and fuel from local businesses.   
Whilst such schemes have demonstrated educational potential and enthusiasm for 
public involvement with monitoring activities, in order for the benefits of such 
schemes to be maximised, a method which enables publicly collected data to be 
used in decision making is required.  The development of frameworks which promote 
the communication and exploration of data collected by the public and enable the 
integration of it with other sources of information (i.e. information from state 
agencies) have been recommend to facilitate this.  The internet has been identified 
as a suitable platform for such collaborative monitoring systems.  Here the public can 
add a range of information, including monitored data but also non-traditional types of 
information such as photos, multi-media and also annotations expressing points of 
view, to spatially referenced data.  This information will be then stored in one place 
which can then be publicly viewed and reused by others (Gouveia et al., 2004).   
8.5 Discussion  
It is clear that data provision is essential at all stages of an integrated approach to 
water management and in understanding all ‘wicked’ problems in general. However, 
due to the complex interaction of such problems with socio-economic considerations, 
understanding the human dimension of such problems will be essential if effective 
prevention measures to environmental degradation are to be instigated. Therefore, 
understanding how data provision and stakeholder engagement can be combined 
will be necessary not only to ensure the involvement of those affected by decisions 
but also to ensure that integrated solutions can be identified. Furthermore, only when 
observations and measurements from the environment are verified and interpreted 
can understanding and knowledge result.  Therefore, considering how data is to be 
used throughout this process will maximise its usefulness.  Additionally, as efficient 
monitoring networks need to consider the activities involved with the presentation of 
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results (Vos et al., 1999), such considerations of will aid in the design of monitoring 
programmes.  
Providing environmental data collected by statutory bodies is not only a legislative 
obligation but will also provide the foundation for public participation.  Whilst there 
are a number of ways of communicating such data, with the development of new 
technologies making this increasingly easy, statutory agencies will need to select the 
method of communicating that maximises the transparency, legitimacy and saliency 
of information to their target audience.  Therefore, the best format to present data will 
be dependent on the end users and due to this are likely to be catchment specific 
(Chess et al., 2005).  As a result of this the role of statutory authorities and 
regulators may need to adapt to acts more as facilitators (Howarth, 2009) and 
communicators. In response to the catchment based approach, the Environment 
Agency has appointed officers for each of the 100 catchments within England.  This 
allows a point of contact for the provision of information and someone within the EA 
that build partnerships and can focus on understanding and meeting the needs of a 
catchment.   
Producing forms of information which can support integrated assessments will 
require information on more than water quality and data collected from statuary 
bodies.  Information from a wide range of sources will be required, for example on 
land use and socio-economic elements will be required.  However, there may be 
difficulties in this through problems in obtaining information from third parties, sharing 
rights and mismatches of scales.  Therefore it is crucial that partnerships which build 
trust are created, with clear understanding and agreements between partners.  By 
doing this the building of more comprehensive pictures of situations in catchments 
will be facilitated.  
The promotion of information regarding water environment can have a number of 
benefits, included increased awareness, education, interest and involvement in water 
management and the wider environment in general. With developments in ICT 
communicating to a wide audience is becoming increasingly easy, facilitated though 
the use of social media and mobile phone applications.  It is clear that if the 
ambitious and challenging goals of the WFD are to be met there will need to be wide 
public support as measures are likely to require funding and often tradeoffs in 
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activities within a catchment (Everard, 2012) .  The communication of information to 
the wider public will therefore be necessary to improve understanding and 
awareness.  This also demonstrates that information needs to communicated and 
coordinated at multiple scales.   
Ecosystems services have the potential to translate the benefits of improved aquatic 
ecosystems to a wide audience.  This concept should be investigated further as 
currently improvements are mainly seen by the public as altruistic acts which may 
ultimately become unsustainable (Everard, 2012).  Demonstrating benefits in terms 
that are relevant to different groups of stakeholders will encourage participation of 
groups who may have had little interest or experience in water management in the 
past, but will still have important roles to play if truly integrated solutions are 
implemented.     
Report cards have been demonstrated as useful tool to engage and communicate 
with stakeholders.  These present information in a geological context enabling 
stakeholders to identify with the information and therefore improve its relevancy to a 
wider range of people. Working together to develop such pieces of information 
ensures that information is conveyed in the most understandable way and avoids 
any misunderstandings that may occur (RELU, 2009). Incorporating the report card 
concept with the mapping and demonstration of ecosystem services may have 
increased potential to provide the base for conversations with a number of 
stakeholders, facilitating the exchange of comments and the sharing of perceptions 
which are essential for a social learning process.  
This chapter has demonstrated the importance of a social learning process to 
integrated management.  The provision of information from regulatory monitoring will 
be crucial in this, particularly in providing evidence that facilitates the creation of a 
shared perception between stakeholders. Therefore, ensuring data is credible and 
trusted will be essential. Furthermore, regulatory authorities will have a role in 
providing the information that is most relevant to stakeholders and presenting it in 
relevant and credible ways. Whilst this is important a social learning process must 
ensure that there is information exchange from multiple sources, requiring that 
regulatory agencies are prepared to accept and accommodate a wider range of data 
than in the past.  This will be necessary not only to ensure that the maximum amount 
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of information is captured but to also ensure that stakeholders have confidence and 
remain engaged in the process.   
The co-development of conceptual models has been demonstrated to facilitate the 
building of shared understanding of the issues within a catchment.  These can make 
use of both quantitative data and also qualitative information.  They can be refined in 
response to the learning and changes in perceptions. The building of conceptual 
models will be particularly valuable in the problem definition phases of decision 
making.  When combined with social learning and refinement it enables more 
comprehensive understanding of the activities and processes that threaten aquatic 
ecosystems.  The use of conceptual models could be combined with a weight of 
evidence approach in order to identify which activities are having the most 
detrimental effect on aquatic ecology. Furthermore, monitoring could be adapted to 
take into account conceptual models and to test the understanding demonstrated in 
conceptual models. This not only has the benefit of ensuring that monitoring is 
targeted but also allows stakeholders to participate in the design of monitoring 
networks, therefore promoting transparency and trust.  However, this will require 
flexibility in monitoring networks and control at catchment rather than national level.  
Involving stakeholders monitoring through citizen science projects can also be a way 
to increase transparency of monitoring procedures and stakeholder participation and 
education. The Opal projects have demonstrated the large public interest in such 
projects and that through the careful planning of such projects the quality of the data 
can be of an acceptable standard for use in both scientific and agency work (Bone et 
al., 2012; Gouveia et al., 2004).  However, frameworks which enable such data to be 
used and acceptance from other stakeholders and agencies is required. The 
development of internet platforms could enable the sharing of information and 
facilitate its exploration and discussion, thereby increasing its value in the social 
learning process addressing water management issues.  
Social learning and a weight of evidence approach is hoped to lead to consensus 
building so that a common script is developed amongst stakeholders. However, it 
may also be necessary to evaluate alternative management options.  Multi-criteria 
analysis has been demonstrated as beneficial in this, providing a transparent 
framework and enabling qualitative and quantitative to be considered. The 
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development of decision support systems have gained much attention as a potential 
method to reduce complexity with environmental problems, with examples such as 
the MULINO project demonstrating how computerised programmes can be 
developed to assist with integrated water management problems (Giupponi, 2007).  
However, the development of such programmes is expensive and labour intensive.  
Furthermore, they may be seen as ‘black box’ solutions, with stakeholders not 
trusting their outputs due to a lack of an understanding of their development, 
therefore reducing the usefulness of the model (Lerner et al., 2011).  Stakeholder 
involvement in their development and validation of the model with empirical data can 
overcome this.  However, it is unlikely that there will be the resources for decision 
support systems for individual catchments therefore ensuring that catchment 
partnerships involve all interested stakeholders and build trust, encourage 
information exchange and encourage cooperation will be essential.  Furthermore, as 
regulation is relatively limited, a number of decisions will rely on behavioural change 
and awareness. Therefore, there may be few direct comparisons between options 
making the process of discussion and social learning of increased importance.  
8.6 Conclusion  
The collection of data is required not only for statutory purposes but also to facilitate 
management decisions. Therefore, processes should enable data obtained from the 
environment to generate information which when integrated can lead to knowledge 
and understanding of environmental problems. Due to the complexity and socially 
embedded nature of environmental problems stakeholder participation is required in 
this process to enable a more comprehensive understanding.  It is clear that the 
provision of information is essential to public participation in integrated water 
management, providing the foundation for this. However, the provision of information 
from the environment to stakeholders must be done so in a way which maximises its 
credibility, legitimacy and relevance to the public. Due to the socially embedded 
nature of water management issues this information must be integrated with other 
sources of information from stakeholders including their perceptions and values. 
Collaborative building of conceptual models helps to create a more comprehensive 
picture of water management issues and enable a shared perception to be built.  
This can then lead to a social learning process encouraging more sustainable and 
integrated management decisions to be made.  This process therefore requires 
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statuary agencies responsible for water management to become increasingly 
concerned with communication, facilitation and public education. Furthermore, 
agencies need to be accepting of additional information from diverse sources, 
reflecting the fact that one stakeholder or partner will not have all the information 
require to address such complex problems.  Such an approach will require flexibility 
as different catchment and different groups of stakeholders will have different needs.   
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9 OVERALL DISCUSSION  
Integrated approaches to water management continue to be promoted at an 
international level, with over 197 countries signing up to the Rio + 20 United Nations 
Conference on Sustainability, which stated that the integrated management of water 
is at the core of sustainable development (United Nations, 2012).  Furthermore, as 
climate change and a growing global population will increase the difficulties in 
managing water, the need for information on pressures resulting from human 
activities and their consequences has never been greater.  Ensuring that monitoring 
can contribute to this information is therefore key to addressing these challenges.  
Within Europe the adoption of the WFD has legally recognised the importance of 
monitoring in the management of water and has been identified as key to the 
success of the Directive. 
As demonstrated here there is a need to recognise the objectives of monitoring in 
integrated management and the difference this has from previous approaches to 
monitoring.  As the complexity of environmental systems is increasingly recognised a 
move towards an integrated approach to water management, which recognises the 
interconnected nature of water, land and related resources, is required.  Due to this, 
monitoring is necessary to provide information which enables the complexity of 
environmental quality to be understood so that management can be conducted in a 
coordinated and efficient manner and enable sustainable development.  
Furthermore, monitoring can provide information on emerging trends and problems 
to be discovered (Lindenmayer and Likens, 2010) and through the verification and 
analysis of monitoring data enables information to be produced which can reduce 
uncertainty, thereby making environmental problems more manageable (Artiola et 
al., 2004; Winpenny 2009). 
Despite international recognition for the need for integrated approaches to water 
management only 22% of developed countries and 38% of developing countries had 
management plans for river basins in place in 2007 (UN-Water, 2008).  Therefore, 
investigations into how to implement integrated approaches are urgently needed.  
Whilst this thesis has demonstrated the importance of monitoring to integrated 
management it has also highlighted a number of challenges.  One of the main 
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challenges is that monitoring is needed to detect all pressures on the environment, 
providing a comprehensive overview of anthropological impacts.  The use of 
biological indicators enables this by responding to all anthropological pressures at 
wide ranges of pollution levels and by being continuously exposed to pressures 
within the environment, thus enabling the detection of diffuse and accumulating 
pollution.  Additionally expertise is required for the collection and assessment of 
data.  This thesis has suggested that there may be overreliance on traditionally 
monitored elements and as a result a transition towards monitoring networks that 
allow more integrated assessments should be expected.  If all countries are to be 
encouraged to adopt integrated approaches to water management and monitoring, 
as required under international conventions, assistance and best practice sharing 
may be needed to aid the development of ecological assessments.  This may be 
particularly necessary in developing countries which may not have the required 
levels of expertise or the resources to develop assessments suited to local 
conditions and needs. From 2015 the UN will implement the Development Goals; 
these will aim to integrate the economic, social and environmental dimensions of 
sustainable development in order to end extreme poverty (UN, 2013).  Therefore, 
considerations of how integrated management and the monitoring which facilitates 
this, can contribute to these goals are required.   
Within Europe the WFD has prompted a large increase in the number of 
assessments designed and the amount of data collected regarding the aquatic 
environment.  However, within Europe currently 40% of water bodies are not 
monitored for chemical status, with as many as 50% of water bodies not monitored 
for either ecological or chemical status.  This has led the European Commission to 
state that more needs to be done improve and expand monitoring to further support 
planning for the WFD (European Commission, 2012b).  Furthermore, during the first 
river basin planning phase there was little evidence of the use of data in the decision 
making process (Hering et al., 2010).  Therefore, Member States must not view data 
collection as a requirement for compliance but as a means to facilitate the 
achievement of the WFD’s objectives.  
Additional assessments, whilst not currently required by legislation, may be 
necessary for integrated approaches to management, due to the increased 
understanding they provide.  For example, the finding that a number of Priority 
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Substances (PSs) were a risk long after being banned also suggests that sediments 
could be sources of contamination.  A number of other studies have demonstrated 
that sediments are important sources of contaminants in aquatic ecosystems (Burton 
Jr., 2002; Chon et al., 2010; Ridgway, 2002; Taylor, 2009).  As a result of this there 
have been calls for sediment guidelines and quality standards to be used in the 
management of water resources (Borja et al., 2004; Brils, 2008; Tueros et al., 2009).  
Chon (2012) demonstrated different approaches to the assessment of heavy metals 
within catchments and highlighted the importance of source assessment, 
recommending that this be incorporated into the process of river basin management.  
Such an approach would encourage consideration of all activities within a catchment, 
recognising that all have the potential to influence the quality of water resources.  
Assessments that integrate the monitoring of different components of the 
environment may also be necessary to ensure greater understanding of the risk to 
aquatic environment.  An example is the linking of biological and chemical monitoring 
in order to ensure comprehensive understanding of the accumulative risk that 
emissions of PS pose to the ecological status of surface water bodies and 
developing additional assessments to aid the understanding of the effects of hydro-
morphological alterations on biological receptors.  Furthermore, data from statutory 
monitoring requirements will need to be integrated with additional environmental and 
land use information.  This is so that comprehensive analyses of the sources and 
pathways of potential contaminants are understood to allow for effective and 
integrated management of the risks they pose to the environment.   
Climate change is likely to threaten the objectives of the WFD, either as a direct 
pressure on the aquatic environment, for example by changing flows and 
temperatures, or indirectly by enhancing the effects of pressures on water bodies 
(Wilby et al., 2006).  Trait-based assessments of species, such as the SPEcies At 
Risk (SPEAR) index may be required to enable assessments of surface water bodies 
to continue regardless of shifts in species range in response to climate change 
(Stevenson and Sabater, 2010), a factor that may make achieving the reference 
conditions required by the WFD unachievable (Moss, 2008; Nõges et al., 2007).  
How climate change will affect pressures will also require greater understanding of 
land use, water and climate before effective programmes of measures can be 
determined (Brack, 2009).  There will also need to be greater understanding of how 
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pressures interact to produce multiple pressure situations and how this could change 
under different climate scenarios.  This need has been recognised by European 
Union’s Seventh Framework Programme, which has provided funding for 
investigations of complex multi-stressor conditions in order to provide information to 
underpin risk assessments and decision making required by the WFD (European 
Commission, 2013). 
Through its ability to provide information in addition to the monitoring of structural 
components of the environment, the use ecosystem functioning in the assessment of 
surface water bodies has been promoted (Solimini et al., 2009; Moss, 2008; Hatton-
Ellis, 2008).  As a number of ecosystem elements and interactions are needed to 
produce ecosystem functions, the measuring of them provides a more 
comprehensive overview of the condition of the environment.  However, there is still 
a great deal to understand about how ecosystem functioning is dependent on 
species-species interactions and how measures of functioning respond to pressures.  
Despite this, this thesis indicates that functional assessments may promote a 
systems approach to water management through encouraging greater understanding 
of the interconnections between different components of the environment and the 
effects pressures can have.  Such an approach will be necessary so that truly 
integrated programmes of measures can be instigated.  Without this there is 
potential for separate components of the ecosystem to be viewed in isolation, with 
the measures identified for their management either ineffective or having unforeseen 
consequences.  If this occurs then water management processes will only be a 
progression of traditional isolated silo approaches rather than the complete change 
to integrated approaches required by the WFD.  Developing conceptual models of 
the interactions with the ecosystem can be done with stakeholders in order to 
promote systems thinking within a river basin or catchment and facilitate the sharing 
of perspective and knowledge. 
Whilst the river basin and the catchment provide clear levels for research to be 
organised, some research will be conducted at national and international levels.  
Furthermore, demonstrations in selected catchments may be required.  An example 
is the Wensum Demonstration Test Catchment which aims to review the 
effectiveness of land management measures on reducing diffuse pollution from 
agricultural pollution (Wensum Alliance, 2013).  As a result of this there is also a 
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need for adequate knowledge sharing procedures to ensure the benefit of such 
research can be maximised.   
The role that stakeholders have in contributing to the generation of understanding 
which supports decision making must also be recognised.  Stakeholder involvement 
is needed not only to ensure that decisions are supported but also to enable more 
complete information and understanding regarding the human dimension of the 
system to be included in the decision making process.  Therefore, there needs to be 
greater consideration given to the communication of data to a range of stakeholders, 
who may have varying levels of expertise.  Furthermore, the needs for legitimacy, 
saliency and credibility may result in different methods of communication being 
appropriate in different circumstances and river basins.  Involving stakeholders in the 
design of monitoring networks will aid confidence in networks, which in turn will 
promote its use throughout the decision making process and feed back into the 
design of networks, ensuring that there are continuing improvements in efficiencies.   
The communication of data will be required not only to provide information to those 
who are interested stakeholders but also to encourage the engagement of those who 
may not realise they have an interest. The ecosystem services approach has been 
identified as key to communicating the human consequences of degradation and the 
benefits of environmental improvements to society.  Therefore, explaining what the 
objectives of the WFD and good status means for the services that people value may 
be necessary to attract the stakeholder buy-in that the WFD requires (Everard, 
2012).  As ecosystem services are judged by the value societies places on them 
(Palmer and Filoso, 2009; Stevenson and Sabater, 2010), they are subjective and 
will vary from region to region.  Therefore, investigations into how the data obtained 
from monitoring can be combined with local knowledge and values so that 
understanding of the ecosystem services provided by aquatic ecosystems is 
required. Such research may also assist with the integration of the objectives for 
water into other policy areas, such as agriculture, energy and transport identified as 
one of the key needs to ensure successful implementation of the WFD (European 
Commission, 2012a).  
Partnerships which encourage the generation of shared perceptions regarding the 
water management are required.  These enable a social learning process which can 
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lead to more sustainable decisions.  Within England dissatisfaction with the first river 
basin management process from environmental non-governmental organisations led 
the Government to announce a new catchment based approach to water 
management.  This new approach aims to ‘encourage local collaboration and more 
transparent decision making when planning and delivering activities’ and applies to 
83 catchments across the country (Defra, 2013).  Such an approach has potential to 
improve the use of data throughout the river basin planning process.  However, as 
demonstrated by this thesis, there will be a need for recognition of the objectives of 
monitoring in integrated approaches, flexibility of monitoring networks, institutional 
support for research and communication of evidence, along with frameworks that 
allow the integration of mandated monitoring together with other sources of 
information and stakeholder involvement in the decision making process.   
There needs to be a clear link between monitoring and decision making if the 
potential of data collected is to be maximised.  The development of frameworks will 
help to clarify the role of monitoring, acknowledging that whilst decisions regarding 
management are ultimately for society to make, monitoring is key in a supporting 
role.  In order to fully support the decision making process data must provide 
information which through comprehension can lead to understanding.  When such 
understanding is integrated with other sources of information wisdom can be created 
(Artiola et al., 2004), and this enables integrated and sustainable management 
decisions.  Therefore, it should be recognised that monitoring alone will not enable 
efficient decision making but must be used for research to improve understanding 
and then communicated to allow integration.  This requires monitoring data to be 
made available to stakeholders and researchers, who in turn communicate the 
understanding generated, thus, creating collaborative and knowledge sharing 
partnerships.  Such partnerships will facilitate the link between science, policy, 
legislation and stakeholders, enabling more evidence based decisions and ensuring 
that the traditional silo approaches, which have prevented the sustainable 
management of water in the past, to be overcome.   
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10 CONCLUSIONS 
An integrated approach that recognises the interconnectivity of water to all social, 
environmental and economic activities is needed if water resources are to be 
managed sustainably.  The work of this thesis has considered the role of monitoring 
in such an approach, looking at the objectives of monitoring, the design of monitoring 
networks and the use of the data it provides.  
This work has demonstrated that the requirements of integrated approaches to water 
management have significantly changed the objectives of the monitoring of surface 
water bodies.  This is especially apparent in countries, where monitoring has 
previously been established under more traditional approaches to water 
management which primarily focus on the monitoring and regulation of point sources 
of pollution.  The challenges of developing monitoring networks that support more 
integrated approaches include: developing methodologies and expertise required for 
biological and ecological monitoring, ensuring that the selection of elements included 
is risk based, linking monitoring to decision making processes and ensuring 
transparency through the sharing of monitoring data.  
This work has investigated the design of both ecological and chemical monitoring 
mandated under the WFD.  Using a River Basin District in England the challenge of 
incorporating risk into the design of networks was highlighted.  As some monitoring 
elements were introduced under the WFD relatively recently this is to be expected 
but more research is now needed to understand how elements respond to 
pressures.  Redundancies in the use of different ecological elements in the 
determination of status of water bodies have been demonstrated, suggesting that 
prioritising some elements over others may lead to more a efficient classification 
process.  The evaluation of combinations of ecological failures highlights the 
complexity of interactions between elements and ecological responses to pressures. 
However, this also demonstrates the potential of mandated monitoring to contribute 
to understanding the ecology of surface water bodies.  
The challenges of managing priority substances (PS) within a river basin district, as 
demonstrated by this work, highlights the need for technical analyses of the data 
mandated by regulatory requirements.  Such analyses will require the monitored 
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data to be supplemented with additional environmental and land-use information so 
that the sources and pathways of potential contaminants can be understood.  The 
observed risk to the WFD objectives from PSs that have been previously banned 
suggests contaminated sediments could be a potential source of pollutants.  
However, analyses of the sources and pathways of contaminants are required to 
determine this.  The variations in the risk posed by PS in different catchments 
demonstrates that the catchment is the appropriate level to organise source pathway 
analyses and for the design of PS monitoring networks.  The use of source-pathway-
receptor analyses will also help to facilitate the design of monitoring networks so that 
they are risk-based and adaptive, whilst also making efficient use of available 
resources.  
Incorporating assessments that consider the impact of PSs on receptors of concern, 
particularly biological elements as required under the WFD, will also improve 
understanding of the risk PSs pose and will enable monitoring effort to reflect this.  
The toxic unit concept was used by this work to demonstrate the need to consider 
the effects of combined toxicity on biological elements so that all of the causes 
preventing the achievement of good ecological status can be identified.  Further 
developing methods that enable multiple assessments of different pressures, such 
as hydro-morphological alterations, to be considered together will ensure that the 
primary causes of environmental degradation are identified and measures that are 
fully integrated developed to restore water bodies.  
The findings of the investigations into both ecological and chemical monitoring 
highlight the value that reviewing monitoring data can have in evaluating the 
objectives of monitoring networks.  Ensuring that monitoring is risk based and 
therefore designed around research questions will ensure a targeted and focused 
monitoring network that both aids and responds to knowledge of the processes that 
determine the quality of surface water bodies. Therefore monitoring is not just for the 
communicating of compliance but also for use iteratively so that the design of 
monitoring networks and ultimately management can be continually improved.  
Building this into the river basin planning process will be of value to MSs, not only 
through the efficient use of resources, but also through improved confidence in the 
results of monitoring, which may lead to increased stakeholder buy-in of measures 
required to improve water bodies.  
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Under integrated approaches monitoring is required not only describe the condition 
of the environment but to provide comprehensive understanding of aquatic 
ecosystems so that pressures can be managed in a sustainable manner.  This work 
has highlighted the need for data collected from surface water bodies to contribute 
information to a systems approach to aquatic ecosystems.  Under such an approach 
understanding of the interactions between the abiotic, biotic and functions of the 
ecosystem is aimed for, so that effects of pressures on all aspects of the ecosystem 
can be identified.  In order to do this the monitoring of ecosystem functioning along 
with the structural elements required under the WFD will be necessary.  This is 
because ecosystem functioning reflects the complexity and dynamics between 
elements within the ecosystem rather than snapshots of components.   
The monitoring of measures implemented to improve water bodies will be essential 
in order to assess their effectiveness.  This work has provided examples of how this 
can be done through the monitoring of both structural and functional elements.  
Information gained from such monitoring will contribute to our understanding of how 
ecosystems respond to pressures and will also encourage adaptive responses to 
ecological management.  
This work has demonstrated that whilst decisions regarding the management of 
surface water bodies is social in nature, monitoring has a key supporting role, linking 
ecosystems to the decision making process.  Therefore, monitoring data should be 
available to scientists and researchers who in turn are required to, not only 
contribute to understanding but to also communicate it to the socio-political process 
deciding the measures used to reduce pressures on aquatic ecosystems.  
Frameworks such as the one developed by this work are needed to clarify the role of 
monitoring and to encourage a collaborative, knowledge sharing approach to water 
management.   
Due to the complexity and socially embedded nature of environmental problems 
stakeholder participation is required in the decision making process to enable a more 
comprehensive understanding of issues.  It is clear that the provision of information 
is essential to public participation in integrated water management, providing the 
foundation for this. However, the provision of information from the environment to 
stakeholders must be done so in a way which maximises its credibility, legitimacy 
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and relevance to the public. This information must then be integrated with other 
sources of information from stakeholders including their perceptions and values. 
Collaborative building of conceptual models helps to create a more comprehensive 
picture of water management issues and enable a shared perception to be built.  
This can then lead to a social learning process encouraging more sustainable and 
integrated management decisions to be made.  This process therefore requires 
statuary agencies responsible for water management to become increasingly 
concerned with communication, facilitation and public education. Furthermore, 
agencies need to be accepting of additional information from diverse sources, 
reflecting the fact that one stakeholder or partner will not have all the information 
require to address such complex problems.  Such an approach will require flexibility 
as different catchment and different groups of stakeholders will have different needs.   
This work has also highlighted the potential role stakeholders could have in the 
design and collection of monitoring data. This would ensure transparency and active 
participation throughout the water management process and also through 
stakeholder knowledge could facilitate more accurate risk assessments.  Ensuring 
that data is available and is used will also promote feedback into the design the 
monitoring, promoting efficiencies   
The potential of monitoring to facilitate integrated approaches to water management 
have been evaluated by this work, demonstrating the need for frameworks which 
encourage review and flexibility of monitoring networks, enable monitoring to 
contribute to understanding of ecosystems and allow collaboration and knowledge 
sharing in order for these to be realised.   
The findings of studies such as these, along with the sharing of best practice from 
river basins, will be of value not only to Member States implementing the WFD, but 
also to other countries where better links between evidence and decision making are 
sought, along with countries who under international conventions are required to 
implement integrated approaches to water management and engage stakeholders in 
environmental decision making.   
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